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 The nervous and vascular systems are highly branched cellular networks and track 
along parallel pathways throughout the body. The similarities between these two systems 
extend beyond the gross anatomical level all the way to the molecular level, as cells in 
both networks respond to common guidance cues during development.  Netrin, one of the 
first neural guidance cues to be identified, is an example of one of these shared guidance 
molecules.  In the nervous system, Netrin can attract or repel axons, depending on the 
type of receptors expressed by its leading structure, the growth cone.  Here, I set out to 
define the effect of Netrin on the developing vasculature.  It has been previously 
demonstrated that Netrin1a is required for the formation of a specific vascular structure in 
zebrafish, the parachordal chain (PAC).  Muscle pioneers have further been identified as 
the source of Netrin1a required for PAC formation.  However, the receptor(s) by which 
Netrin1a signals to regulate PAC formation had not yet been defined.  Furthermore, it is 
unknown if the effect of Netrin on PAC formation is direct or indirect.    
  In this dissertation, I show that Netrin1a’s effect on zebrafish vascular 
development is mediated by at least the effect of two known Netrin receptors: Unc5b and 
deleted in colorectal cancer (DCC).  First, I show that embryos depleted of Unc5b do not 
form a PAC, phenocopying Netrin1a morphants, suggesting that Unc5b is a receptor that 
!mediates Netrin1a’s effect on PAC formation.  Second, I demonstrate that the effect 
ofNetrin1a on PAC development is due at least partly to a requirement for motor neuron 
axon guidance at the horizontal myoseptum (HMS), which is mediated through DCC.  
The ongoing controversy about whether Netrin1a is attractive or respulsive for 
endothelial cells appears most in the case of the PAC, where Netrin1a acts on 
lymphendothelial cells only indirectly, through motor neuron axons.  I show that DCC is 
expressed in motor neurons whose axons track along the HMS, and that depletion of 
Netrin1a or DCC disrupts motor neuron axon turning at the HMS. Using genetic and 
surgical approaches, I further demonstrate that motor axons are necessary for PAC 
formation at the HMS. These observations provide the first evidence that axons can guide 
vessel formation and pathfinding.  !!!!!!!!!!!!! iv!
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 The vascular consists of arteries, veins and lymphatic cells.  The vascular system 
can be divided into the circulatory system and the lymphatic system.  Arteries and veins 
are part of the circulatory system, which is required for delivery of nutrients, gases, and 
hormones, as well as cells, throughout the entire body. The lymphatic system functions to 
absorb excess fluid, aid in the absorption of fat and defend the body against pathogens.  
These cells form complex networks, which extends into every part of the body. Precise 
formation of the vascular network is critical for proper body perfusion, arterial/venous 
connections, and blood flow in the animal, and thus is essential for long-term survival.  It 
is of great interest how this complex system forms.   
 One of the challenges in understanding vascular development is deciphering how 
endothelial cells communicate with their environment and navigate properly to distal 
targets during vasculo or angiogenesis.  This process involves signals that mediate 
attraction, growth, and survival.  However, cues that stimulate repulsion or apoptosis of 
nascent vessels that fail to find their final target organ are also important for proper 
network formation.  Here, we specifically address what cues guide vessels to their target, 
! "!
from what tissues are these cues are derived.  Additionally, what are the receptors  
 





 Given that guidance molecules are shared between the nervous and vascular 
systems, it is not surprising to find that both axons and vessels have analogous 
specialized pathfinding structures: axons have growth cones and endothelial cells have tip 
cells.  Both growth cones and tip cells express an array of receptors and continuously 
extend cellular projections into their surroundings, sampling the environment for 
guidance cues that provide a molecular road map to direct the axon or vessel to their final 
target (Figure 1.1).   
 Several centuries ago, the anatomist Andreas Versailles made the observation that 
nerves and vessels are both highly branched networks that follow parallel trajectories. 
From this observation, two hypotheses can be made: axons and vessels could follow the 
same guidance cues and therefore the same path, or they could guide each other (axons 
secrete molecules that guide vessels or vice versa).  There is evidence supporting the first 
model of axons and vessels following the same guidance cues in the developing quail 
forelimb, where nerves and vessels are both repelled by Sema3A/Nrp1 signaling (Bates et 
al., 2003). The latter has also been shown: a subset of axonal projections from the 
superior cervical ganglion are specifically attracted by Endothelin3 secreted by the 
external carotid artery (Makita et al., 2008). Conversely, peripheral nerve-derived VEGF 
has been shown to drive arteriogenesis in mouse skin (Mukouyama et al., 2005). 
However, this last example does not provide direct evidence of axons guiding vessels,  







Figure 1.1  Axons and vessels have analogous structures that function to guide them 
to their target tissue.  Axons have a growth cone and endothelial cells have tip cells 
(indicating brackets).  These structures express receptors (purple semi-circles) that help 
axons and vessels navigate through their environment, growing away from negative (red 
circle) cues and towards positive cues (blue circles) to reach their final target (e.g., a 





supporting a direct role of axons in vascular patterning has so far been made.    
 It was soon realized that almost every family of major axon guidance molecules 
played some role in vascular patterning or function.  Interestingly, although these 
molecules were initially discovered to influence axon guidance and axons are known to 
influence vascular patterning, few studies investigating common cues in vascular 
guidance have searched for a primary defect in axon guidance.  This is critical as the 
primary defect may be in axon guidance, with the vascular defect unrelated to the 
common cue, but instead secondary to the axon guidance defect.  Testing this possibility 
is not necessary in all cases as axons and vessels do not always develop in close 
association and the timing of development of the vasculature along a certain pathways 
may occur before axons are present.  
 Much of what is known about guidance cues and receptors important for vascular 
guidance were first identified as having roles in axon guidance.   The axon guidance field 
itself began with a simple observation.  In 1892, Ramon y Cajal observed that axons take 
precise courses during development, and hypothesized that axons were guided by 
diffusible cues from target cells.  He noted that axons had specialized structures at their 
tips, which he named growth cones, hypothesizing that they act as the navigators for 
axons. He proposed chemotropism as the process by which growth cones responded to 
these cues.  Over a century later, Ramon y Cajal’s model of chemotaxis was validated in 
a novel collagen co-culture assay in which it was shown that a population of neurons 
were directly attracted by their peripheral targets (Lumsden and Davies, 1983).  Soon 
after, using the same in vitro approach, additional examples of targets attracting 
populations of axons using in vitro assays were identified (Tessier-Lavigne et al., 1988).  
! "!
It was soon discovered that the diffusible factors from target tissues could act not only as 
attractive cues, but could also be repulsive (Pini, 1993).   
 These initial observations paved the way for the isolation and identification of 
several families of attractive and repulsive guidance cues.   Notable and well-studied 
conserved families of axon guidance molecules, which have been shown to also play a 
role in the formation of the vascular system are Slits, Semaphorins, Ephrins and Netrins 
(Figure 1.2).  Notably, these guidance cues are not strictly attractive or repulsive in axon 
guidance.  Rather, the growth cone’s response to extracellular cues depends on a variety 
of factors including the particular combination of receptors expressed and the 
intracellular secondary messengers involved (Ming et al., 1997).  It is yet known whether 
the same downstream regulatory factors as formed in axons, play a similar role in 




 The first slit was identified as a repulsive guidance cue at the midline of the 
nervous system in a Drosophila screen for commissural axon pathfinding defects 
(Hummel et al., 1999; Seeger et al., 1993).  Slits are secreted proteins and act as midline 
repellents for axons expressing one transmembrane receptor Robo (Brose et al., 1999; 
Kidd et al., 1999).  In vertebrates, there are three slit proteins, Slit 1-3, and four Robo 
proteins, Robo1-4.  Robo4 is the only Robo known to be expressed in the endothelium 
(Huminiecki et al., 2002).  The ligand for Robo4 remains under debate.  It has been 
proposed that Slit2 is a ligand for Robo4 based on in vitro binding assays by Robo4-Slit 
dependent effects on cell migration, tube formation and hyperpermeability assays (Jones 








Figure 1.2 Diagram of the major classes of axon guidance ligands and their 
receptors.  The numbers in brackets refer to the number of known genes in mammals 








detect a direct binding of Slit2 to Robo4 (Suchting et al., 2005).  
 Surprisingly, even though Robo4 is expressed throughout the endothelium, no 
major vascular guidance defects were observed in Robo4 knockout mice (Jones et al., 
2008). Instead, Robo4 was shown to be required to maintain blood vessel integrity by 
inhibiting VEGF-induced vascular leak: Robo4-/-  endothelial cells display 
hyperpermeability in a VEGF-induced retinal permeability assay and 
hypervascularization in oxygen-induced retinopathy.  In contrast to Robo4-/- mice, it has 
been suggested that knocking down Robo4 in zebrafish results in severe vascular 
guidance defects, although we have not been able to reproduce these results (Bedell et al., 
2005) .  The different phenotypes observed in Robo4 deficient mouse and zebrafish 
suggest Robo4 is a critical factor for vascular system development and integrity.  Since 
Robo4 expression is restricted to the endothelium, it is unlikely that the defects observed 
are secondary to an axon guidance phenotype.  However, since the Robo4 phenotype in 
zebrafish was a result of total knock down, and there was no tissue specific rescue 
performed to confirm that the vascular guidance phenotype was endothelial cell 
autonomous. Robo4 is expressed in the spinal cord of the zebrafish in addition to the 
endothelium, so it is possible that that the vascular guidance defects are due to primary 
defects in axon pathfinding, particularly of axons or projections out of the spinal cord 




 Semaphorins are a large family of molecules which can be secreted, 
transmembrane, or membrane-anchored. Semaphorins signal through the receptors 
Plexins and Neuropilins and are generally thought to act as repulsive cues in the context 
! "!
of axon guidance.  Similarly, Semaphorins also have a repulsive effect in vascular 
guidance.  In mice, endothelial specific deletion of PlexinD1 recapitulates the vascular 
aspect of the PlexinD1 null phenotype, which is characterized by vascular, heart, and 
skeletal defects (Zhang et al., 2009b). Further, Sema3E knockout mice show severe 
vascular guidance defects (Gu et al., 2005).  These data together suggest a role for 
Sema3E-PlexinD1 signaling in vascular guidance.  Confirming this hypothesis, knocking 
down PlexinD1 in zebrafish induces severe trunk vascular defects (Torres-Vazquez et al., 
2004).  PlexD1 is expressed in the growing vessels, tracking within the somitic 
boundaries, while ligands Sema3A1 and Sema3A2 are expressed in the somites. When 
either Sema3A1 or Sema3A2 is down-regulated, growing vessels stray into adjacent 
somites, suggesting that the Semaphorins acts as “guard rails” to keep the vessels within 
the somitic boundaries.  The same phenotype is observed in the absence of PlexinD1, 
suggesting that Semaphorin-Plexin signaling, as in axon guidance, acts as a repulsive 
signal for endothelial cells.  It is unknown if the axons near the developing trunk 
vasculature are affected in PlexinD1, Sema3A1 or 3A2 mutants.  Additionally, it has not 
been specifically tested if restoring PlexinD1 specifically to endothelial cells can rescue 
the defect or specifically knocking out PlexinD1 in endothelial cells results in the defect, 
which would confirm an endothelial cell autonomous role in vascular guidance.  These 




 Ephrins are transmembrane or glycosylphosphatidylinositol (GPI) anchored 
proteins present at the cell surface that bind to Eph receptors, a large family of receptor 
tyrosine kinases (Boyd and Lackmann, 2001; Dodelet and Pasquale, 2000; Flanagan and 
! "!
Vanderhaeghen, 1998; Klein, 2001). Interestingly, Ephs and Ephrins are capable of both 
forward and reverse signaling:  Ephs can signal to Ephrin expressing cells and Ephrins 
can signal to Eph expressing cells.   
 One of the most characterized processes in the nervous system known to be 
regulated by Eph-Ephrins signaling pathway is the establishment of the retinocollicular 
map (Flanagan and Vanderhaeghen, 1998).  Eph-Ephrin also regulate guidance at the 
midline, where ephrinB3 prevents corticospinal neurons expressing EphA4 from 
recrossing (Kullander et al., 2001).  Several Ephrins and Ephs are expressed in the 
vascular system and EphrinB2 and EphB4 knockout mice have embryonic vascular 
defects (Adams et al., 1999; Gerety and Anderson, 2002; Gerety et al., 1999; Wang et al., 
1998). Moreover, EphrinB2-EphB4 signaling has been shown to be necessary for arterial-
venous identity (Wang et al., 1998).  The molecular mechanism by which Ephs and 
Ephrins regulate vascular development is unclear, as bidirectional signaling complicates 




   Netrins were the first family of axon guidance cues to be identified. Netrins 
constitute a family of highly conserved proteins, structurally related to laminins (Tessier-
Lavigne and Goodman, 1996).  Netrin-1 was first isolated from chick brain and shown to 
be a diffusible factor that promotes the outgrowth of commissural axons (Kennedy et al., 
1994; Serafini et al., 1994). Three secreted Netrins have been identified in mammals 
(Netrin1, 2, and 4).   Due to a genome duplication in zebrafish, there are four Netrin 
family members consisting of Netrin1a, Netrin1b, Netrin2 and Netrin4 (Park et al., 2005).  
Netrin guidance effects on axons are principally mediated primarily by two families of 
! "#!
receptors, the UNC5 family and the deleted in colorectal cancer (DCC)/neogenin family 
(Ackerman et al., 1997; Hedgecock et al., 1990{Leonardo, 1997 #26; Keino-Masu et al., 
1996; Leonardo et al., 1997).  Both of these families belong to the immunoglobulin 
superfamily (Chan et al., 1996; Livesey, 1999). Other known Netrin receptors include 
Down Syndrome cell adhesion molecule (DSCAM) and integrin !6"4/!3"1 (Andrews et 
al., 2008; Cirulli and Yebra, 2007; Liu et al., 2009; Ly et al., 2008; Yebra et al., 2003). 
 Several groups have shown that Netrin can act as an attractive or repulsive cue, 
depending on the combination of receptors expressed by the neuronal growth cone. Loss 
of function of DCC (UNC-40 in C. elegans and Frazzled in Drosophila) causes 
misrouting of axons that are normally attracted to a Netrin source (Chan et al., 1996; 
Keino-Masu et al., 1996; Kolodziej et al., 1996).  These results suggest that Netrin acts as 
an attractive cue, and that this attractive signal is mediated by DCC. Conversely, studies 
in C. elegans reveal that axons that normally grow away from Netrin no longer respond 
in an Unc5 loss-of-function background (Hedgecock et al., 1990).  Additionally, forced 
expression of Unc5 in axons that do not respond to Netrin, or that normally grow toward 
Netrin, causes these axons to grow away from the source (Hamelin et al., 1993), 
suggesting that Unc5 regulates the repulsive activity of Netrin1a. Collectively, these 
studies demonstrate a critical role of receptor expression in determining a growth cone’s 
response to Netrin.  
 Of the Netrin receptors, DCC is the best-studied, mediating many Netrin-dependent 
axon guidance decisions at the midline in the vertebrate spinal cord. It was first identified 
as the receptor necessary for axon crossing at the midline (Keino-Masu et al., 1996).  
Netrin is expressed by the floor plate and induces an attractive response of DCC-
! 11!
expressing axons.  Netrin-DCC signaling has since been shown to be important in many 
other axon guidance events.  So far, there have not been any reports of a role for DCC in 
vascular development. 
  While the effect of Netrin on Unc5-expressing growth cones has been widely 
established as repulsive (Bouvree et al., 2008; Hong et al., 1999; Larrivee et al., 2007; 
Rajasekharan and Kennedy, 2009), the effect of Netrin and Unc5 in vascular 
development is still being debated.  An antiangiogenic role for Netrin through Unc5b has 
been suggested by Larrivee et al., 2007 and Lu et al., 2004, while we and our 
collaborators proposed a proangiogenic effect for this signaling pathway 
(Navankasattusas et al., 2008; Park et al., 2004; Wilson et al., 2006).  These divergences 
of interpretation might result from different genetic strategies, as one of the mice used 
has a gene trap deletion of the Unc5b gene, whereas the other is a vascular-specific 
conditional Unc5b knockout. However, divergent conclusions about the role of Netrin-
Unc5b signaling in vascular development have also been drawn from zebrafish studies.   
 Our observations suggest that this pathway is proangiogenic due to the 
spatiotemporal expression of Netrin1a relative to a missing endothelial structure (the 
PAC) in Netrin1a and Unc5 depleted zebrafish embryos (Navankasattusas et al., 2008; 
Wilson et al., 2006).  In contrast, Larrivee et al. found that zebrafish embryos lacking 
Netrin1a or Unc5 have excess endothelial cell sprouting, suggesting an antiangiogenic 
role for Netrin1a.  Given the difficulty in matching morpholino doses between 
experimenters, this difference could be explained by a dose-dependent phenotype or off-
target effect.  Although it is difficult at this time to reconcile these two opposite 
observations without further experimentation, it is at least apparent from both that 
! "#!
Netrin1 and Unc5b are important for vascular development.  It remains however unclear 
whether Unc5b mediates a proangiogenic or antiangiogenic effect (Larrivee et al., 2007; 
Lu et al., 2004; Navankasattusas et al., 2008).  
 In this work, we focus on the common guidance cue Netrin and its receptors, Unc5 
and DCC. While a former graduate student, Arminda Suli, has shown the requirement for 
Netrin1a, Unc5, and DCC in zebrafish vascular development for the formation of the 
parachordal chain (PAC) (Navankasattusas et al., 2008; Wilson et al., 2006), I am 
specifically interested in understanding how Netrin-DCC signaling mediates PAC 
formation. DCC is not known to be expressed in endothelial cells, suggesting that Netrin-
DCC signaling in PAC formation is not acting endothelial cell autonomously, but perhaps 
indirectly through the patterning of axons that are subsequently necessary for this 
vascular structure to develop. 
 
Zebrafish trunk vascular development 
 
 The PAC is a string of endothelial cells located at the horizontal myoseptum (HMS) 
(Figure 1.3). Development of trunk vasculature in zebrafish begins with the formation of 
the dorsal aorta (DA) and posterior cardinal vein (PCV).  The DA and the PCV are the 
major central axis artery and vein, respectively, and form via vasculogenesis.  Two waves 
of angioblast migration occur from the lateral plate mesoderm toward the trunk midline 
beginning at ~15 hpf.  The first wave of angioblasts contributes mainly to the DA, while 
the second wave contribute mainly to the PCV (Torres-Vazquez et al., 2003). Subsequent 
to DA and PCV formation, sprouts originate between somites from the DA at 22 hpf. 
These intersegmental vessels (ISVs) grow dorsally, and eventually anastomose  at the 





Figure 1.3. Zebrafish trunk vascular development.  (A-C) Oblique lateral views of 
parachordal chain (PAC) formation, showing dorsal aorta (DA) and dorsal longitudinal 
vessel (DLAV)  (red); posterior cardinal vein (PCV, blue); horizontal myoseptum (HMS, 
dashed line); primary intersomitic vessels (1°, red); and secondary sprouts (2°, blue). 
(A’- C’) Corresponding transverse views. Dorsal aorta and primary sprouts omitted for 
clarity. (A, A’) Secondary sprouts emerge from the PCV around 32 hpf and grow dorsally 
to the HMS. (B, B’) Dorsal growth stops at the HMS and sprouts turn and grow laterally. 
(C) Lateral growth stops at the lateral-most aspect of the muscle, and sprout then turns 




approximately 32 hpf. 
 
Zebrafish motor neuron axon development 
 
Motor neurons extend axons along a trajectory immediately adjacent to that of the 
future PAC (Beattie, 2000; Eisen et al., 1986; Pike and Eisen, 1990) (Figure 1.4). The 
close apposition of axonal projections at the HMS along the path of the PAC offers an 
opportunity to dissect the contribution of neurons and endothelial cells to zebrafish 
lymphatic patterning and development. There are three primary motor neurons in each 
somite, the Caudal primary motor neuron (CaP), Middle primary motor neuron (MiP) and 
Rostral primary motor neuron (RoP), named after their relative cell body position in the 
spinal cord. The motor neuron that is intimately associated with the developing PAC is 
RoP.  After exiting the spinal cord, RoP’s axon grows ventrally to the HMS, branches to 
the medial and lateral aspects of the muscle, and then grows anteriorly and posteriorly 
along the HMS. RoP’s axon and branches reside where the future PAC will form. 
Here, we take advantage of zebrafish as a model organism to study the role of 
Netrin and its receptors Unc5b and DCC in vascular development.  These animals can 
survive vascular defects for days, allowing sufficient time for analysis, while the same 
defects would be embryonic lethal for mice.  Due to the unparalleled optical clarity in 
these animals and their external development, the developing zebrafish vascular system 
can be directly visualized and imaged using confocal microscopy.  Further, knocking 
down gene expression is a fairly simple, rapid method in zebrafish consisting of injecting 




Figure 1.4.  Model of motor neuron axon and parachordal chain (PAC) formation. 
(A-C) Oblique lateral view of trunk. For clarity, only rostral primary motor neuron (RoP) 
motor neuron is shown. (A’, B’, C’) Transverse view of trunk. Dorsal aorta (DA) and 
primary sprouts are omitted for clarity. (A, A’) RoP motor neuron axons (Bates et al.) 
exit the spinal cord and extend ventrally toward the HMS at 24 hpf. (B, B’) Secondary 
sprouts (blue) grow dorsally to the HMS. (C, C’) The axons at the HMS are required for 
secondary sprouts to grow laterally at the HMS and then turn anteriorly and posteriorly 
along the HMS to form the PAC. A, anterior; D, dorsal; L, lateral; DLAV, dorsal 
longitudinal vessel; DA, dorsal aorta; PCV, posterior cardinal vein; PAC, parachordal 
chain; HMS, horizontal myoseptum; NT, neural tube; NC, notochord; 1°, primary 




splicing or translation.  Taking advantages of these properties, we used zebrafish to 
investigate the role of the axon guidance cue, Netrin1, and its receptors Unc5 and DCC in 
vascular guidance. Our major discovery was to unravel for the first time an essential role 






































































































































































THE NETRIN RECEPTOR UNC5B PROMOTES  
 




 The following chapter was reprinted with permission from The Company of 
Biologists.  In addition to myself, the other authors were Sutip Navankasattusas, Kevin 
Whitehead, Arminda Suli, Lise Sorenson, Jia Zhao, Kye Won Park, Joshua Wythe, Kirk 
Thomas, Chi-Bin Chien and Dean Li.  It was originally published in Development, 2008 
Feb;135(4):659-67.  I participated in the design, execution and interpretation of data 





Guidance cues were first identified by their ability to direct axonal
projections along specific trajectories. Many of these cues and their
cognate receptors have since been shown to play similar roles during
angiogenesis, either promoting or directing the growth of growing
vessels. A prime example of this is the netrin family, the founding
member of which, netrin 1, was originally purified as a secreted
guidance cue capable of stimulating growth of commissural axons
and attracting them towards the midline (Kennedy et al., 1994;
Serafini et al., 1994). Reports from our group and others have shown
that netrins can also play a similar role in the vasculature, promoting
developmental and therapeutic angiogenesis in a number of in vitro
and in vivo systems (Nguyen and Cai, 2006; Park et al., 2004;
Wilson et al., 2006).
Netrin signaling is complex, however, and is not always
attractive/stimulatory. In mammals there are three netrins and at least
eight potential netrin receptors: DCC, neogenin, UNC5A-D, and
!6"4 and !3"4 integrins (Cirulli and Yebra, 2007; Huber et al.,
2003; Tessier-Lavigne and Goodman, 1996; Yebra et al., 2003).
Additional netrin receptors have been postulated, and efforts to
identify them are ongoing. Although netrins are the prototypic
neural attractants, they can also act as repulsive guidance signals
under the appropriate cellular context. One receptor, UNC5B, was
identified as a mediator of the repulsive response in neurons
(Leonardo et al., 1997), and it is the only known netrin receptor with
prominent endothelial expression (Engelkamp, 2002; Lu et al.,
2004).
Unc5b is expressed in the endothelium of developing mouse
embryos beginning at embryonic day 8.5 (Engelkamp, 2002; Lu
et al., 2004). A published study concluded that the axon-repulsive
activity mediated by UNC5B is mirrored by an anti-angiogenic
role for netrin 1-UNC5B signaling in both mice and zebrafish
(Lu et al., 2004). This conclusion was based on observations that
the mutation of Unc5b resulted in increased sprouting within
developing arterial beds, which was interpreted as an indicator
of reduced repulsion. This report also postulated that the
excessive vascular sprouting caused by the global absence of
UNC5B during murine embryogenesis precipitated greater
resistance to circulation, resulting in heart failure and fetal
demise.
In contrast to the conclusions of Lu and colleagues, our
previous analysis of netrin signaling in the vasculature (Park et
al., 2004; Wilson et al., 2006) suggested a starkly different
situation. We found that the addition of netrins stimulated
angiogenesis both in vivo and in vitro, and that the knock-down
of netrin1a in zebrafish inhibited growth of the parachordal vessel
(PAV), a blood vessel that has recently been found essential for
lymphatic development (Yaniv et al., 2006).
In an attempt to resolve these different interpretations, we have
made use of non-invasive imaging technologies to examine mice
carrying a conditional mutant allele of the Unc5b gene. Although
the vascular-restricted deletion of Unc5b indeed causes
embryonic lethality, we could find no evidence of either low or
high-output heart failure prior to abrupt death at embryonic day
12. Instead, our data showed a previously unappreciated and
essential role for UNC5B in promoting placental arteriogenesis.
In zebrafish we found a similar pro-angiogenic role, where
knocking down unc5b, like knocking down netrin1a, prevents
formation of the PAV.
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Generation of the Unc5b alleles has been described (Wilson et al., 2006).
R26R1, Tie2-Cre, Vav1-Cre and Netrin1:lacZ mice were generously provided
by Phil Soriano, Masashi Yanagisawa, Matthias Stadtfeld and Lindsay Hinck,
respectively. SM22-Cre (Tagln-Cre), Nestin-Cre and Wnt1-Cre mice were
obtained from The Jackson Laboratory. Genotypes were determined by PCR
analysis of genomic DNA isolated from either ear biopsies or yolk sacs; am-
plification used primers and conditions previously described for Tie2-Cre
(Kisanuki et al., 2001), SM22-Cre (Holtwick et al., 2002), Nestin-Cre
(Sclafani et al., 2006), Vav1-Cre (Stadtfeld and Graf, 2005) and Rosa26
(Soriano, 1999). For Wnt1-Cre, the primers were 5!-AGCAACC -
ACAGTCGTCAGAACC and 5!-AAGATAATCGCGAACATCTTCAGG
with amplification of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C
for 40 seconds. Unc5b mice were genotyped with primers: 5!-TAGC-
CTCAGGGTCTACTGTCTG; 5!-CTCTCAGACTTCTCAAAGAGATTC;
and 5!-CCACTGTATGCCAGACGACATG under conditions of 94°C for 30
seconds, 62°C for 20 seconds and 68°C for 40 seconds.
Histology
Smooth muscle cells were identified by anti-"-smooth muscle actin antibody
(Sigma) staining of formaldehyde-fixed, paraffin-embedded tissue sectioned
at 10 #m as described previously (Urness et al., 2000). The number of
arterioles in the labyrinth was determined by examination of all serial
sections from a placental hemisphere. Wild-type and mutant placentas were
from paired littermates. $-Galactosidase staining was performed using a
standard protocol (Soriano, 1999) with the following modification: the
tissues were fixed in PBS containing 2% formaldehyde, 0.2%
glutaraldehyde, 0.02% sodium deoxycholate and 0.01% NP-40 for 10-30
minutes. Placentas were hemisected with a razor blade before fixation. The
tissues were permeabilized in PBS containing 0.02% sodium deoxycholate
and 0.1% NP-40 overnight at 4°C before staining with X-gal.
Staining for PECAM1 was performed on tissues fixed overnight in Dent’s
fixative (4:1 MEOH: DMSO) at 4°C, followed by bleaching by addition of
an equal volume of 37%H2O2 for 6-10 hours at room temperature, and
storage at –20°C in 100% methanol. Placentas were rehydrated to PBS,
hemisected sagittally at the umbilical cord, blocked/permeabilized for 3
hours in PBSMT (PBS+ 0.5% Triton X-100 +2% nonfat milk). Following
the addition of 5 #g/ml rat anti-mouse PECAM1 antibody (Pharmingen),
samples were incubated overnight at 4°C. Tissues were washed six times in
PBSMT and incubated overnight in PBSMT+1:50 anti-rat Ig HRP-
conjugate (Pharmingen). HRP staining was performed as previously
described (Urness et al., 2000). Tissues were postfixed in 4%
paraformaldehyde overnight at 4°C, cleared in 80% glycerol and
photographed on a Leica MZ12 stereoscope equipped with a Zeiss Axiocam
digital camera.
Hypoxia assay
Pregnant females (30 g) were injected IP with 200 ml of pimonidazole
(‘Hypoxyprobe’ 10 mg/ml in PBS, Chemicon). After 2 hours, mice were
killed by cervical dislocation, the embryos were dissected into 4%
formaldehyde and the yolk sacs removed for genotyping. Following 16
hours fixation, embryos were serially dehydrated in ethanol, followed by
xylene, embedded in paraffin and stored at 4°C. Sections (10 #m) were
mounted on glass slides and stained with monoclonal antibodies directed
against pimonidazole under conditions provided by the manufacturer.
Primary antibody was diluted 200-fold; peroxidase staining for the
secondary antibody was for 2 minutes at room temperature. Sections were
counterstained with Mayer’s hematoxylin prior to photography.
mRNA detection
Whole-mount in situ hybridization was performed as described previously
(Urness et al., 2000). Embryos were harvested at E11.5. Decidual tissue was
trimmed away and yolk sac fragments were collected from each embryo for
genotyping. Placentas were fixed overnight at 4°C in 4% formaldehyde, pH
7.4. Antisense digoxigenin-labeled riboprobe was generated from mouse
Unc5b DNA using a DIG RNA Labeling Kit (Roche). In situ hybridization
was performed overnight at 65°C with rotation in a Hybaid hybridization
oven. All comparisons were between sibling pairs.
Tetraploid aggregation
Eight-week old C57Bl6/J mice were superovulated with 5 IU pregnant
mares’ serum gonadotropin followed after 48 hours with 5 IU human
chorionic gonatotropin (hCG); mating with C57Bl6/J males immediately
followed the hCG injection. Two-cell stage embryos were flushed at 1.5 days
post plug, washed through two drops of M2 medium, four drops of mannitol
and fused in mannitol using a Biological Laboratory Equipment BLS CF-
150/B Cell Fusion apparatus. Settings were as follows: 40 V, 40 mseconds,
enable 1.0. Following fusion, embryos were washed through three drops M2,
three drops KSOM (Chemicon) and incubated in a 37°C CO2 incubator.
Most two-cell embryos fused to one cell within 10 minutes. Fused embryos
were incubated in KSOM under oil overnight. Morulae (2.5-day old) were
flushed from superovulated Unc5b+/– mice (mated with Unc5b+/– males),
washed through Tyrode’s (Sigma) to remove the zona pellucida, then
washed through three drops M2 medium and three drops KSOM medium.
One morula and one fused tetraploid embryo (now four-cell stage) were
transferred into each miniwell of KSOM under oil, and incubated overnight.
After 16 hours, all miniwells contained one fused blastocyst, which was
implanted into 2.5-day pseudopregnant females (C57Bl6/J % CBA F1).
Embryos were dissected and analyzed at E13.5.
Echocardiography
Embryos were analyzed and imaged noninvasively in utero using ultrasound
biomicroscopy (UBS, Visualsonic Vevo 660) with a 40 MHz transducer and
image-guided 23 MHz spectral pulsed-wave (PW) Doppler. Heart rate,
blood flow velocities and blood flow volumes were determined from pulsed
Doppler waveforms. During scanning, maternal body temperature and heart
rate were maintained within normal range, and the duration of anesthesia
was less than 1.5 hours (Mu and Adamson, 2006). The hemodynamics of
embryos were measured every 6 hours for 36 hours, by which time all of the
Unc5b-deficient embryos would have died. During each scan, the bladder
was used as a reference for the midpoint between the left horn and the right
horn of the fallopian uterus, and the relative location of embryos was
mapped within the abdomen. After scanning at the final timepoint, a
laparotomy was performed and the embryos were scanned a final time to
correlate the order of embryo location by ultrasound with anatomic position.
The genotype of embryos from previous scans was deduced from the
location of embryos relative to each other, especially relative to the location
of dead embryos. To confirm correlation between flow reversal and mutant
genotype, a number of litters were scanned only until embryos with reversed
diastolic flow in the umbilical artery were identified, at which time
laparotomy was performed, anatomic correlation was established, and the
embryos genotyped.
Umbilical vessel angiogenesis assays
Quantitative three-dimensional umbilical vessel angiogenesis assays were
performed according to published methods (Nicosia et al., 2005) with minor
modifications. Umbilical cord sections from murine embryos from Unc5b+/–
%Unc5b+/– matings were harvested at E10.5. Immediately prior to harvest,
three-dimensional collagen gels (0.25 ml/well) consisting of 2 mg/ml
purified rat tail collagen I (Trevigen), 2.34 mg/ml NaHCO3 in 2%
concentrated EBM-2 (Lonza) medium supplemented with 1 #g/ml ascorbic
acid and 0.2 #g/ml hydrocortisone with or without 100 ng/ml rmNetrin-1
(R&D Systems) were cast into the center wells of four-well chambered
coverglasses (Nunclon) and stored on blue ice blocks to delay
polymerization. Each embryo was sterilely dissected in the supplemented
EBM-2 medium. A 0.5 mm fragment of yolk sac was retained in lysis buffer
(50 mM KCl, 2.5 mM MgCl2, 10 mM Tris-HCl pH 8.5, 0.005% NP-40,
0.05% Tween 20, 0.01% gelatin) for PCR genotyping, and a 1.5 mm section
of umbilical vessel (equidistant from placenta and embryo) was dissected
and washed in EBM-2 (supplemented as above) prior to plating/
polymerizing into the collagen gel. Gels with umbilical vessel explants were
polymerized for 30 minutes at 37°C/5% CO2, and subsequently overlaid
with 0.25 ml of the supplemented EBM-2 medium. The following morning
the medium was exchanged, and the explants photographed in phase-
contrast on a Zeiss Axiovert inverted microscope equipped with a Zeiss
Axiocam digital camera to confirm location and condition of the umbilical
vessel explants. Thereafter, the medium was exchanged every 3-4 days, and
the cultures were re-photographed on the tenth day of culture. The capillary
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outgrowths observed around the perimeter of each umbilical vessel
photograph were counted, and data presented as the average number of
capillary outgrowths per umbilical vessel perimeter. The experiment was
performed six times on a total of 36 wild-type and 32 mutant siblings.
Embryo raising and MO injection experiments
Heterozygous Tg(fli1:egfp)y1 transgenic carriers (Lawson and Weinstein,
2002) were incrossed, and embryos were raised at 28.5°C in E2/GN embryo
medium with 0.003% phenylthiourea to inhibit pigment formation and
staged by time and overall morphology (Kimmel, 1995). Unc5b morphants
typically reached the 48 hpf stage 1-2 hours after controls. Three MOs were
obtained from Gene Tools: control MO (‘standard control’), 5!-
CCTCTTACCTCAGTTACAATTTATA-3!; unc5bSBMO1 (Lu et al.,
2004), 5!- CATTTAACCGGCTCGTACCTGCATG-3!, which binds to 7 bp
of exon 1 and 18 bp of intron 1; and unc5bSBMO2, 5!-
AGGAAGACAATACAGCACCTCAGCA-3!, which binds to 7 bp of exon
4 and 18 bp of intron 4. MOs were diluted, stored and injected at 1 nl
nominal volume as described previously (Wilson et al., 2006). RT-PCR was
carried out as described previously (Wilson et al., 2006); primer sequences
available upon request.
Microscopy and image analysis
fli:egfp-positive embryos were either imaged live or fixed and stained with
anti-GFP before imaging (Wilson et al., 2006). Briefly, embryos were
mounted laterally in agarose, right side down and confocal z-stacks were
taken at the level of somites 7-12. Z-stacks were used to score the presence
of PAVs in four to six hemisegments. We modified our analysis slightly by
scoring only the near (right) side of the trunk, which could be imaged most
clearly; and by calculating in each embryo the fraction of hemisegments with
absent, partial or complete PAVs, then averaging these fractions across
embryos. Statistical analysis used two-tailed Mann-Whitney tests (Instat3,
Graphpad).
RESULTS
Endothelial restricted ablation of Unc5b causes
embryonic lethality
Because of the broad expression pattern of Unc5b in the murine
embryo, we generated an allele of Unc5b (Wilson et al., 2006) that
can be inactivated, conditionally, through tissue-restricted
expression of CRE recombinase. This allele, Unc5bflox, contains
loxP sites within introns 3 and 13. CRE-mediated deletion of the
intervening sequences removes much of the ligand-binding domain,
the entire transmembrane domain, and most of the cytoplasmic
signaling domain of the mature protein, generating a presumed null
allele. To reduce the chance of cis-acting effects, the selectable
marker gene used in construction of this allele was removed prior to
analysis. We also engineered mice that transmit the deletion allele,
Unc5b–, through the germline. Mice homozygous for this mutation
die in utero between 12 and 13.5 days post-fertilization (E12-E13.5).
Our preliminary phenotypic characterization of Unc5b–/– embryos
has been described (Wilson et al., 2006) and, surprisingly, it revealed
none of the excessive vascular sprouting described by Lu et al. (Lu
et al., 2004).
To systematically inactivate Unc5b in a tissue-specific fashion,
animals homozygous for the conditional allele (Unc5bflox/flox) were
mated with animals heterozygous for the Unc5b null allele
(Unc5b+/–) and carrying one of a variety of Cre genes under tissue-
restricted control. Deletion of Unc5b in neural crest-derived tissues
[Wnt1-Cre (Jiang et al., 2000)], smooth and cardiac muscle
[Tag1n-Cre (Holtwick et al., 2002)] in the nervous system
[Nestin1-Cre (Sclafani et al., 2006)] or in hematopoietic lineages
[Vav1-Cre (Stadtfeld and Graf, 2005)] resulted in mice that
survived to adulthood and that appeared normal (Table 1 and data
not shown). When Unc5b was deleted by an endothelial-expressed
Cre transgene, Tie2-Cre (Kisanuki et al., 2001), however, no
animals of the genotype Unc5b–/flox; +/Tg(Tie2-Cre), were ever
recovered at birth. Embryos of this genotype died in mid-gestation
between 12 and 13.5 days post-fertilization and were
indistinguishable from homozygous null Unc5b–/– embryos (data
not shown). The implication from these results is that vascular
expression, and only vascular expression, of Unc5b is required for
viability.
Arteriole reduction in Unc5b-deficient placentas
Embryonic death in the E10-E13 period is generally attributed to
failures in cardiac function, hematopoiesis or placentation
(Papaioannou and Behringer, 2005), and Tie2-Cre is expressed in
these relevant tissues (Kisanuki et al., 2001). Histological analyses
of E12.5 embryos revealed no differences in heart structure or in the
morphology of coronary vessels between Unc5b+/flox; +/Tg(Tie2-
Cre) and Unc5b–/flox; +/Tg(Tie2-Cre) embryos; blood counts were
equivalent, as was the profile of circulating cells; and the vasculature
of the somites, neural tube, yolk sac and hindbrain were
indistinguishable (data not shown). The only discernible difference
between the two genotypes was within the placental labyrinth: fetal-
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Table 1. Tissue-specific deletion of Unc5b























































Matings were performed between the genotypes indicated. Progeny were left with their mothers until weaning (3-4 weeks), at which time they were genotyped as
described in the Materials and methods.
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derived arterioles, visualized either by smooth muscle or endothelial
specific stains, were less numerous in embryos lacking vascular
Unc5b (Fig. 1).
Defective umbilical blood flow and hypoxia in
Unc5b-deficient embryos
To determine the functional relevance of this placental defect,
Doppler flow analysis was performed on umbilical vessels in utero.
Three pregnancies from Unc5bflox/flox ! Unc5b+/–; Tg(Tie2-
Cre)/Tg(Tie2-Cre) crosses were probed at regular intervals from
E11.0 to E13.5. At these time points, normal umbilical artery flow
is predominantly systolic with a minimal amount of flow in diastole.
Beginning at ~E12.0, significant and reversed blood flow in diastole
within the umbilical arteries of mutant embryos could be detected in
some embryos (Fig. 2A, Table 2A). As pregnancy proceeded, the
number of embryos with abnormal flow increased, as did the degree
of flow reversal (e.g. –22% to –91%, Fig. 2A). By E13.5, all
embryos that had exhibited reversed flow were dead. In another set
of identical crosses, embryos were probed at a single time point,
E12.5, and subsequently killed and genotyped (Fig. 2B,C). There
was a strong genotype/phenotype correlation between the vascular
deletion of Unc5b and flow reversal. Umbilical artery diastolic flow
reversal is a clinical sign of fetal distress and is consistent with an
abnormally high resistance within the placenta, a plausible
consequence of the reduced number of arterioles. Consistent with
this interpretation, physiological and anatomical changes in cardiac
function, such as bradycardia and pericardial effusion, were only
detected after the onset of umbilical arterial flow reversal and
immediately prior to death (Fig. 2A) but not earlier (Fig. 2C).
By E13, the embryo is nutritionally dependent on maternal blood.
We thus hypothesized that the defective placenta and the
accompanying circulatory abnormality would result in a decrease in
available metabolites. As a metabolic indicator, O2 levels of
embryos were assessed by examining the ability of tissues to retain
pimonidazole, a compound that shows enhanced protein-binding
capacity under hypoxic conditions (Raleigh et al., 1987). At 12.5
days after fertilization, pregnant females were injected with
pimonidazole. Two hours later, embryos were removed and
apparently viable, outwardly normal, embryos were fixed and
sectioned. Bound pimonidazole was then assessed by
immunostaining. At E12.5, the majority (4/5) of Unc5b–/– embryos
exhibited a higher level of pimonidazole immunoreactivity than did
their wild-type counterparts (Fig. 2D,E), suggestive of a hypoxic
environment and implying a direct link between altered umbilical
flow and ultimate death.
UNC5B acts within the embryo proper
The arterioles affected by Unc5b loss are derived from the
umbilical vessels emanating from the embryo proper, but their
patterning depends on signaling from the adjacent extra-embryonic
RESEARCH ARTICLE Development 135 (4)
Fig. 1. Vascular ablation of Unc5b impacts labyrinthine arterioles.
Embryos were harvested at E12.0 from Unc5bflox/flox ! Unc5b+/–; Tg(Tie2-
Cre)/Tg(Tie2-Cre) (A-D), Unc5b+/–;R26R [Rosa26 Reporter (Soriano, 1999)]
! Unc5b+/–; Tg(Tie2-Cre)/Tg(Tie2-Cre) (E,F) or Unc5b+/– ! Unc5b+/– (G-J)
matings. Placentas were dissected, formalin fixed, hemisected and
stained for: smooth muscle actin (anti-smooth muscle actin antibody
followed by HRP-conjugated secondary antibody) to identify smooth
muscle cells surrounding the arterial bed (A-D); for "-galactosidase
activity (X-gal) to identify endothelial expression of Tie2-Cre (E,F); and for
Pecam l (anti-Pecam1 antibody followed by HRP-conjugated secondary
antibody) to highlight the endothelium (G,H). There is a decrease in the
number of robust vertical vessel stalks in placentas lacking UNC5B
(B,D,F,H) when compared with their littermate controls (A,C,E,G). This is
also shown in I,J, which represent 10 #m cross-sections through samples
stained for smooth muscle actin. Arterioles are indicated by arrows; scale
bars: 0.5 mm. (K) The number of arterioles per placenta was determined
by serial sectioning (10 #m) of hemisected placentas, staining for smooth
muscle actin and visually counting all vessels. Paired littermates (three
pairs) representing each of the two genotypes were used for all
measurements. Error bars are standard deviation.
! 28!
trophoblast (Adamson et al., 2002; Cross et al., 2003; Rinkenberger
and Werb, 2000; Rossant and Cross, 2001). To understand more
specifically the requirement for Unc5b, we examined its gene
expression in the placenta. Sections of E12.0 placentas of
genotypes Unc5b+/flox; +/Tg(Tie2-Cre); and Unc5b–/flox; +/Tg(Tie2-
Cre) were probed with RNA complementary to Unc5b mRNA. As
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Fig. 2. Physiological assessment of embryos. (A) Doppler flow analysis of umbilical arteries and hearts in utero. For longitudinal follow-up of
umbilical artery Doppler flow, Unc5b+/flox; +/Tg(Tie2-Cre) and Unc5b–/flox;+/Tg(Tie2-Cre) embryos were monitored on E12 at the time intervals
indicated on the left. The ratio of diastolic (D) flow (time velocity integral) over systolic (S) flow is shown as a percentage with a negative number
indicative of reverse flow. The ratio decreased progressively over time in the mutant embryo and preceded pericardial effusion (arrows) and
bradycardia. (B) Quantitation of umbilical artery diastolic flow reversal. The ratio of umbilical diastolic flow (time velocity integral) over systolic flow
was used to quantitate the degree of end diastolic reverse flow and the ratio of –25% of systolic flow (broken line) was chosen as a threshold for
significant reversal; 24 Unc5b+/flox; +/Tg(Tie2-Cre) and 23 Unc5b–/flox;+/Tg(Tie2-Cre) embryos were sampled at a single time point at E12.5. (C) The
stroke volume, heart rate and cardiac output were recorded at the onset of significant diastolic reverse flow; data from four Unc5b+/flox; +/Tg(Tie2-
Cre) and three Unc5b–/flox;+/Tg(Tie2-Cre) are reported; error bars are standard deviation. (D,E) Increased hypoxia in Unc5b–/–embryos. Pregnant
females were injected with pimonidazole 2 hours prior to sacrifice and removal of embryos. Sections (10 !m) from the hindbrain region of E12.5
Unc5b+/– (D) and Unc5b–/– (E) embryos were probed with antibodies directed against pimonidazole and HRP-conjugated secondary antibodies,
stained for HRP activity (brown, indicated by arrows) and counterstained with hematoxylin (blue). V, trigeminal ganglion. Scale bar: 100 !m.
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shown in Fig. 3A,B, binding of this probe was restricted to the
labyrinth but could not be detected in placentas in which Unc5b had
been deleted by endothelial-expressed CRE (Fig. 3A,B). Thus,
placental expression of UNC5B is limited to the fetal-derived
endothelium. These data suggest a model whereby UNC5B-
expressing endothelial cells within the labyrinth respond to signals
emanating from the trophectoderm and direct proper vascular
development. Consistent with this idea, expression of the secreted
guidance factor, netrin 1, an UNC5B ligand, can be detected in the
trophoblast giant cells (Fig. 3C,D). Although no placental
phenotype has been described in mice deficient for netrin 1
(Salminen et al., 2000; Serafini et al., 1996), the mutations analyzed
in those studies were hypomorphic alleles that synthesize detectable
levels of wild-type transcript.
This model also predicts that wild-type trophoblast cells should
be unable to rescue embryos deficient in Unc5b (Nagy et al., 1993).
To test this prediction, we aggregated diploid morulae from an
Unc5b+/– intercross with tetraploid, wild-type, two-cell stage
embryos that can contribute only to the extra-embryonic tissues
(Nagy et al., 1993). Fused embryos were implanted into foster
mothers, harvested at E13.5 and examined for viability and
genotype. As summarized in Table 2B, all wild-type and
heterozygous embryos were viable, whereas 11/12 Unc5b–/–
embryos were dead. Examination by PCR of genomic DNA isolated
from extra-embryonic tissue of the Unc5b–/– embryos showed a
significant contribution from wild-type (tetraploid) cells (data not
shown). The fact that these cells were incapable of supporting an
Unc5b mutant embryo implies that the deficiencies resulting from
this genotype are within the embryo proper.
Evidence that UNC5B is active within the fetal-placental
vasculature was provided by examining the growth of isolated
umbilical arteries in vitro. When cultured on a collagen matrix in
the absence of serum, umbilical arterial explants isolated from
Unc5b+/+ embryos support a more vigorous netrin 1-dependent
outgrowth than do those isolated from their Unc5b–/– littermates
(Fig. 3E,F).
Knock-down of Unc5b inhibits PAV formation in
zebrafish
The role of netrin signaling in zebrafish vascular development is
not without controversy. During development of the embryonic
trunk vasculature, the zebrafish netrin 1 ortholog, netrin1a, is
expressed at the horizontal myoseptum (Lauderdale et al., 1997;
Wilson et al., 2006), precisely where secondary sprouts
growing dorsally from the posterior cardinal vein (PCV)
grow laterally and turn anteroposteriorly to form the parachordal
vessel (PAV). It has been reported that knocking down
either netrin1a or unc5b using antisense morpholino
oligonucleotides (MOs) disrupts intersomitic vessel (ISV)
formation and leads to excess vessel branching (Lu et al., 2004).
We found, however, that a carefully titrated dose of a splice-
blocking MO against netrin1a led to a highly penetrant phenotype
in which the PAV failed to form (Wilson et al., 2006). ISVs are
only very rarely affected at this dose, and overall trunk
morphology appears normal, unlike that seen at higher doses
(A.S. and C.-B.C., unpublished).
We therefore reexamined formation of the trunk vasculature
after unc5b knockdown, injecting two different MOs against
unc5b: unc5bSBMO1 [identical to that used by Lu et al. (Lu et al.,
2004)] and unc5bSBMO2, and using the fli:egfp transgene to
visualize endothelial cells (Fig. 4). In preliminary dose-response
experiments, we chose MO doses (1 ng unc5bSBMO1 or 4 ng
unc5bSBMO2) that yielded embryos with normal trunk
morphology (Fig. 4A-D). This was crucial as, even at moderate
doses (1.5 ng), unc5bSBMO1 caused gross morphological defects
(strongly curved tails, hindbrain edema and small eyes), which
may reflect off-target effects. At these doses, both MOs were
effective, as shown by significant reductions in wild-type
unc5b mRNA detected by RT-PCR (see Fig. S1 in the
supplementary material). Although development of the overall
vasculature was normal, including the dorsal aorta, PCV
and ISVs, we saw a specific, highly penetrant effect on PAV
formation (Fig. 4E-H). PAVs normally form by ~36 hpf. To avoid
potential confounding effects of mild developmental delay, we
scored PAVs at 48 hpf. The fraction of hemisegments that
completely lacked a PAV increased from 1±1% to 46±6%
(mean±s.e.m., P<0.0001) with unc5bSBMO1, and from 2±2% to
70±7% (P<0.0001) with unc5bSBMO2 (Fig. 4I,J). The
concordant results with two nonoverlapping MOs strongly
suggests that the lack of PAVs is specifically due to loss of unc5b
function, rather than an off-target effect. Given the expression of
netrin1a at the horizontal myoseptum, the most parsimonious
explanation is that Ntn1a-Unc5b signaling is pro-angiogenic in
this system.
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Table 2. Phenotypes of Unc5b deletion
A Diastolic flow reversal in umbilical arteries*
Unc5b+/flox b5cnU)erC-2eiT(gT/+ ; –/flox; +/Tg(Tie2-Cre)
Normal Reversed Dead Normal Reversed Dead





B Failure of rescue: Unc5b+/–  Unc5b+/– (morulae) + Unc5b+/+ tetraploid (two cell)†
Unc5b+/+ Unc5b+/– Unc5b–/–
Dead Alive Dead Alive Dead Alive
Age (d.p.c.) Number of embryos
1118100205.31
*Three pregnancies from Unc5bflox/flox  Unc5b+/–; Tg(Tie2-Cre)/Tg(Tie2-Cre) crosses were probed at 12-hour intervals from E11.0 to E13.5. Umbilical flow and viability were
monitored as described in the Materials and methods, and in the legend to Fig.2. At E13.5, the pregnant females were sacrificed and the embryos genotyped.
†Morulae produced from an Unc5b+/– intercross were aggregated with tetraploid, wild-type, two-cell stage embryos. The fused embryos were implanted into females and
allowed to mature. At E13.5 (relative age of the morulae), embryos were harvested, examined for viability and genotyped.
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DISCUSSION
We have analyzed the developmental consequences of Unc5b
mutagenesis in both mouse and zebrafish. Deletion of Unc5b within
the endothelial cells – and only within the endothelial cells – of the
developing murine vasculature leads to a mid-gestational lethality
that phenocopies universal ablation of Unc5b. The only observed
defect in embryos lacking Unc5b is a reduction in the number of
labyrinthine arterioles within the placenta. This leads to an increase
in placental resistance, followed by flow reversal in the umbilical
artery, hypoxia, cardiac failure and ultimately death. Morphological
analyses of mutant embryos revealed no other defects, and fetal
echocardiography showed no signs of high-output or low-output
heart failure or lethal arrhythmia predating the onset of structural and
physiological placental abnormalities. The reduction in the number
of placental arterioles in the absence of Unc5b implies a pro-
angiogenic role for netrin/UNC5B signaling during development,
which is further supported by our observation that umbilical arteries
isolated from Unc5b-deficient embryos were unable to support
vessel outgrowth in vitro. A pro-angiogenic role of UNC5B was also
observed in the zebrafish trunk vasculature, where we found that the
knockdown of unc5b function, using carefully titrated doses of two
different MOs, leads to a specific and highly penetrant absence of
PAVs. Although we cannot rule out the possibility that UNC5B may
play some role in ISV formation that would be revealed by higher
doses of MO (Lu et al., 2004), we did not analyze higher doses
because of morphological defects that were potentially nonspecific.
This issue would be best addressed by isolating mutant alleles for
unc5b. Furthermore, we note that the morphant images of Lu et al.
(Lu et al., 2004) appear to show missing PAVs in some segments; in
other segments, secondary sprouts appear to turn normally to form
the PAV, but have been interpreted as increased vessel branching.
Together with the observations that the PAV forms along the muscle
pioneer cells that line the horizontal myoseptum and express
netrin1a, and that netrin1a morphants have very similar phenotypes
to unc5b morphants (Wilson et al., 2006), these data support an
important pro-angiogenic role for Ntn1a/Unc5b signaling in
zebrafish lymphatic development.
Though zebrafish do not have placental arterioles and mice do not
have a structural equivalent to the PAV, our developmental studies
indicate that netrin signaling has evolved to ensure the formation of
specific subsets of vessels. Thus, in contrast to VEGF signaling,
which has profound effects on virtually all endothelial cells and
vascular beds during developmental angiogenesis (Ferrara et al.,
2003), guidance cues in general and UNC5B specifically, may
provide an additional level of regulation to coordinate the spatial and
temporal organization of tissue-specific vascular beds during
embryogenesis. Because the first vital requirement for UNC5B is
during mid-gestation, the reagents used in this study were unable to
ascertain a function in later stages of development or within the
adult. Such an assessment requires the use of alternative
mutagenesis schemes, which we are vigorously pursuing.
A role for UNC5B in embryonic angiogenesis was originally
postulated because of its vascular-specific expression pattern and
was supported by the characterization of a mouse mutant in which
exons 3 and 4 of Unc5b were replaced with 8 kb of exogenous DNA
encoding the lacZ and alkaline phosphatase genes (Lu et al., 2004).
Although embryos homozygous for that allele died at the same time
as those containing the exon3-13 deletion allele described in our
previous work (Wilson et al., 2006) and in this manuscript, they
were characterized as having increased capillary branching in the
embryo proper, which the authors hypothesized would raise vascular
resistance and precipitate heart failure. However, this study did not
report physiological measurements of embryonic cardiac function
or any analyses – functional or morphological – of the placenta. It
would be interesting to re-examine this allele in the light of our
present findings.
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Fig. 3. Unc5b/Netrin signaling in the placenta. (A,B) Unc5b mRNA
localization in the labyrinth. Placentas from E12.5 embryos were
hemisected and probed with antisense RNA complementary to Unc5b
mRNA. (A) Unc5b+/flox;+/Tg(Tie2-Cre) and (B) Unc5b–/flox; +/Tg(Tie2-Cre);
L indicates extent of labyrinthine layer. Scale bars: 1 mm. (C,D) Netrin
expression in giant trophoblast cells. Placentas (E12.5) from embryos
heterozygous for the netrin1:lacZ gene trap (Serafini et al., 1996) were
fixed, hemisected and stained with X-gal to detect lacZ activity; 10 !m
sections were mounted on slides and counterstained with nuclear Fast
Red. L, labyrinth; S, spongiotrophoblast; G, giant trophoblast cell layer.
Image in D is a 4" magnification of boxed area in C. Scale bars: 200
!m in C; 100 !m in D. (E) Growth of umbilical vessels in vitro.
Umbilical vessels at E10.5 were explanted into collagen gels and
allowed to sprout for 10 days in the presence or absence of netrin 1
protein. Numbers of sprouts were counted under phase contrast.
Genotypes and growth conditions are indicated above each frame.
(F) Quantitation from four pairs of umbilical arteries of each genotype.
Error bars are standard deviation.
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The placenta is one of the more complex vascularized tissues in
mammals. It is derived from three distinct sources: maternal tissue,
extra-embryonic fetal tissue, and arteries and veins originating from
the embryo proper. The fetal-placental vascular system circulates
fetal blood and interdigitates with the trophoblast sinuses filled with
maternal blood (Cross, 2005; Red-Horse et al., 2004). Assembly of
the vasculature within the placental labyrinth requires signaling
between the extra-embryonic tissue and the fetal-placental vessels.
Mutational analysis has revealed dozens of genes required for this
communication, with virtually all reports concluding that these
genes exert their effects through the extra-embryonic trophectoderm
(Cross, 2005; Rossant and Cross, 2001). In fact, patterning by the
trophoblast cells is deemed an essential guide for proper growth of
the fetal vessels into and within the labyrinth layer. The specific and
autonomous role of Unc5b in promoting fetal-placental
arteriogenesis emphasizes that vascular signaling pathways on the
fetal-placental side of the equation should not be ignored. As the
UNC5B-deficient phenotype could not be rescued by a wild-type
trophectoderm, we propose that UNC5B-mediated signaling is a
specific and autonomous component of fetal-placental angiogenesis,
and that Unc5b disruption represents a rare, if not the first, example
of a mutation acting solely with the fetal placental vasculature.
Abnormal placental vascular development may be etiologically
linked to multiple obstetric complications, including early
pregnancy loss, intrauterine growth restriction, fetal death and pre-
eclampsia, and may have lasting consequences for childhood
development (Cross, 2006; Mayhew et al., 2007; Redman and
Sargent, 2003). Recent studies have assigned a role for maternal
angiogenic signaling pathways in pre-eclampsia (Levine et al., 2006;
Wallner et al., 2007). The findings presented herein provide genetic
evidence that defects in netrin/UNC5B signaling, which disrupts the
fetal contribution to the placental vasculature, should be considered
in the pathogenesis of clinical syndromes of uteroplacental
insufficiency (Cross, 2003; Levine et al., 2006; Wallner et al., 2007).
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Figure S1. Knockdown of unc5b decreases levels of wild-type mRNA. RT-PCR 
analysis of control and morphant embryos shows that 1 ng unc5bSBMO1 or 4 ng 
unc5bSBMO2 significantly reduce levels of wild-type unc5b mRNA compared with 
uninjected embryos or to 8 ng control MO. Diagrams (top) show partial unc5b genomic 
structure (gray box, 5′ UTR; white boxes, coding exons; not to scale), with positions of 
MO sequences and RT-PCR primers indicated. Agarose gel images (below) show RT-
PCR results for unc5b message and β-actin as a loading control. RT+/−, with or without 
reverse transcriptase. unc5bSBMO1 appears to abolish wild-type mRNA, while 
unc5bSBMO2 reduces wild-type mRNA and yields two additional bands. Sequencing of 
PCR products confirms that the upper band represents the wild-type product. The lower 
band corresponds to an in-frame deletion of amino acid residues 162-182, presumably 
reflecting a cryptic splice donor in exon 4. The middle band is a heteroduplex of the wild 
type and the alternate splice products. This deletion is in an Ig domain, which has been 
shown to be required for netrin binding (Kruger et al., 2004). DNA ladder sizes indicated 
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There is a striking congruence among the anatomies of nerves,
blood vessels and lymphatics. Not surprisingly, the prototypic
guidance cues, initially discovered for their roles in axon
pathfinding (Dickson, 2002), also guide blood vessels and
lymphatics (Adams and Eichmann, 2010; Carmeliet and Tessier-
Lavigne, 2005; Larrivee et al., 2009; Melani and Weinstein,
2009; Suchting et al., 2006; Weinstein, 2005). One such family,
the Netrins, directly guide both axon outgrowth and vascular
sprouting through various receptors. Depending on the receptors
expressed, Netrins may be repulsive or attractive (Bouvree et al.,
2008; Cirulli and Yebra, 2007; Hong et al., 1999; Larrivee et al.,
2007; Lejmi et al., 2008; Lu et al., 2004; Navankasattusas et al.,
2008; Park et al., 2004; Rajasekharan and Kennedy, 2009;
Wilson et al., 2006). Netrins also act as a survival cue for
dependence receptors in shaping the neural and vascular systems
during development (Castets et al., 2009; Furne et al., 2008;
Tang et al., 2008).
The close alignment of nerves and vessels throughout the body
plan could be achieved in one of two ways: either by shared
patterning mechanisms or by axons acting to guide vessels (or vice
versa). For example, in the developing quail forelimb, nerves and
vessels both respond with repulsion to Sema3A/Nrp1 signaling
(Bates et al., 2003). By contrast, a subset of axonal projections
from the superior cervical ganglion specifically follows Endothelin
3 secreted by the external carotid artery (Makita et al., 2008).
Conversely, motoneurons, sensory neurons and/or Schwann cells
secrete Vegf that is required for arterial differentiation in the skin
(Mukouyama et al., 2005). Therefore, when investigating the
effects of axon guidance cues on blood vessels or lymphatic
endothelium, it is essential to distinguish a direct effect on
endothelial cells from the potential influence on axonal projections,
which may subsequently affect the endothelial cells.
The parachordal chain (PAC), a string of endothelial cells
located at the horizontal myoseptum (HMS), forms at 2 days post-
fertilization (dpf) in zebrafish. Since the PAC bears no evidence of
a lumen (Hogan et al., 2009a), we prefer this nomenclature to the
previous term ‘parachordal vessel’. The PAC cells eventually
migrate ventrally along the trunk vasculature to the space between
the dorsal aorta (DA) and the posterior cardinal vein (PCV) to form
the main vessel of the lymphatic system: the thoracic duct (TD)
(Bussmann et al., 2010; Yaniv et al., 2006). Prior to the formation
of the PAC along the HMS, however, motoneurons extend axons
along a path parallel to its future trajectory (Beattie, 2000; Eisen et
al., 1986; Pike and Eisen, 1990), offering an opportunity to dissect
the contribution of neurons and endothelial cells to zebrafish
lymphatic patterning and development.
We previously showed that knockdown of netrin 1a, a
zebrafish ortholog of mammalian netrin 1, disrupts PAC
development (Wilson et al., 2006). In the current study, we
definitively identify the muscle pioneers (MPs) as the critical
source of Netrin 1a for PAC formation. We show that netrin 1a
and dcc are required for three precise events: axonal extension
of RoP and secondary motoneurons (SMNs) along the HMS; the
turn made by secondary vascular sprouts to follow the HMS; and
the formation of the PAC. Furthermore, genetic removal or laser
ablation of the motoneurons also prevents secondary sprout
turning and PAC formation. These results show that
lymphangiogenesis is dependent on choreographed interactions
between MPs, axons and endothelial cells. In particular, growth
of the RoP axon and associated axons determines the guidance
of the PAC lymphendothelial cells.
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SUMMARY
The neural and vascular systems share common guidance cues that have direct and independent signaling effects on nerves and
endothelial cells. Here, we show that zebrafish Netrin 1a directs Dcc-mediated axon guidance of motoneurons and that this
neural guidance function is essential for lymphangiogenesis. Specifically, Netrin 1a secreted by the muscle pioneers at the
horizontal myoseptum (HMS) is required for the sprouting of dcc-expressing rostral primary motoneuron (RoP) axons and
neighboring axons along the HMS, adjacent to the future trajectory of the parachordal chain (PAC). These axons are required for
the formation of the PAC and, subsequently, the thoracic duct. The failure to form the PAC in netrin 1a or dcc morphants is
phenocopied by laser ablation of motoneurons and is rescued both by cellular transplants and overexpression of dcc mRNA. These
results provide a definitive example of the requirement of axons in endothelial guidance leading to the parallel patterning of
nerves and vessels in vivo.
KEY WORDS: Netrin, DCC, Lymphatic, Parachordal chain, Motoneuron, Axon guidance, Vascular guidance, Angiogenesis, Zebrafish
Motoneurons are essential for vascular pathfinding




Fish stocks and embryo raising
Zebrafish adults were maintained and bred according to standard
procedures. Tg(fli1a:egfp)y1/+ fish were a gift from Joe Yost (University of
Utah). plcg1y10/+; Tg(fli1a:egfp)y1/+ and Tg(fli1a-ep:DsRedEx)um13 fish
were a gift from Nathan Lawson (University of Massachusettes).
isl1sa0029/+; Tg(fli1a:egfp)y1/+ were from the Sanger Institute Zebrafish
Mutation Resource. Tg(hb9:GFP) fish (official name mnx1:gfpml2) and
Tg(hb9:KikGR)p151; fli1a1:egfp fish were gifts from Michael Granato
(Flanagan-Steet et al., 2005). All experiments were carried out subject to
NIH guidelines and approved by the University of Utah Institutional
Animal Care and Use Committee.
Morpholino oligonucleotide (MO) injections
We injected the following MOs from Gene Tools (Philomath, OR, USA):
standard control MO (Control), 5!-CCTCTTACCTC AGTTACAATT -
TATA-3!; 6-10 ng netrin 1a splice-blocking MO (netrin1aSBMO), 5!-
ATGATGGACTTACCG ACACATTCGT-3! (Wilson et al., 2006); 8.6 ng
dcc translation-blocking MO (dccTBMO), 5!-GAATATCTC -
CAGTGACGCAGCCCAT-3! (Suli et al., 2006) (+1 to +25 bp, reverse
strand start codon underlined); 10.2 ng olig2 splice-blocking MO
(olig2SBMO), 5!-CGTTCAGTGCGCTCTCAGCTTG-3! (Park et al.,
2002); 15.3 ng plcg1 MO (plcg1SBMO), 5!-ATTAGCATAGGGAAC -
TTACTTTCG-3! (Lawson et al., 2003); 6.0 ng isl1E2 splice-blocking MO,
5!-TTAATCTGCGTTACCTGATGTAGTC-3! and 6.0 ng isl1E3 MO, 5!-
GAATGCAATGCCTACCTGCCATTTG-3!were injected sequentially
(Hutchinson and Eisen, 2006). It should be noted that MOs targeted against
non-Netrin-related transcripts were injected in other experiments and a
PAC and/or axon phenotype at the HMS was not observed: roundabout 4
(robo4), 5!-TTTTTAGCGTACCTATGAGCAGTT-3! (Bedell et al., 2005);
cardiac troponin T2 (tnnt2), 5!-CATGTTTGCTCTGATCTGACACGCA-
3! (Sehnert et al., 2002); hadp1, 5!-GATCAACTCTTACC -
TGCTTGTAAAG-3! (Wythe et al., 2011); and microsomal triglyceride
transfer protein (mtp) (unpublished).
dcc mRNA injection
Full-length Dcc coding sequence with seven of the first 27 bp mutated (5!-
ATGGGaTGtGTaACaGGcGAcATcCGC-3!) was cloned into a Gateway
middle clone (Invitrogen) and combined with p5E-CMV-SP6 and p3E-pA
(Kwan et al., 2007) in pDestTol2pA2 and used to synthesize RNA. One-
cell stage embryos were first injected with 225 pg dcc mRNA, using 0.5%
Phenol Red as a marker dye. A subset was then re-injected with 8.6 ng
dccTBMO.
In situ hybridization (ISH) and immunostaining
ISH for netrin 1a and dcc was performed as described (Suli et al., 2006).
For immunostaining, the following antibodies were used: rabbit anti-GFP
primary (1:400; Molecular Probes, Carlsbad, CA, USA) with Alexa 488
anti-rabbit secondary (1:100; Molecular Probes); mouse 4D9 anti-engrailed
primary (1:4; Developmental Studies Hybridoma Bank, University of
Iowa) with HRP anti-mouse secondary (1:100; Molecular Probes) followed
by Alexa 568 tyramide reaction (Molecular Probes); mouse znp-1 (anti-
synaptotagmin 2) (1:200; Developmental Studies Hybridoma Bank,
University of Iowa).
Sectioning
Following ISH, embryos were dehydrated in methanol, treated with 1:1
Immuno-Bed:methanol for 30 minutes at 4°C and incubated with undiluted
infiltrate overnight at 4°C. The embryos were then embedded with a 20:1
mixture of Immuno-Bed:Immuno-Bed Solution B (Electron Microscopy
Sciences) and sectioned at 12 m in a transverse plane for netrin 1a or a
longitudinal plane for dcc.
Cyclopamine treatment
Thirty embryos per well in a 24-well dish were incubated with 1 ml/well
50 M cyclopamine in 1% DMSO, or 1% DMSO only as a control, from
50% epiboly to 16 hpf at 23°C, then washed several times with E3 embryo
medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4).
Cell transplants
One-cell stage fli1a:egfpy1 embryos were injected with either Rhodamine
Dextran (RhDx, 0.5% in water) or 6 ng netrin1aSBMO. To target MPs, 5-
10 cells were transplanted from 4 hpf RhDx-injected donors into the
margin of 3 hpf netrin 1a morphant hosts (Halpern et al., 1995). The region
between somites 5-15 was scored for PAC defects. The percentage of
hemisegments with complete, partial or absent PACs was calculated
separately for hemisegments receiving transplanted MPs and those without
transplanted MPs, and treated as a paired dataset.
Imaging
z-stack images were acquired (Olympus FV1000 or FV300 confocal
microscope) and ImageJ software (Wayne Rasband, NIH) was used to
create maximum intensity z-projections; these span only one side of the
embryo unless otherwise stated. FluoRender (Wan et al., 2009) was used
for volume rendering. For PAC analysis in all experiments except cell
transplants and motoneuron ablation, 3-5 hemisegments from somites 7-11
were scored.
Time-lapse imaging
z-stack images (2.5 m step, ~80 slices) were acquired (Olympus FV1000
confocal microscope). Embryos were imaged every 12-15 minutes for
16.5-19 hours, starting at 29-33 hpf. Room temperature was 27±2°C. Time-
lapse movies were generated using maximum intensity projections in
ImageJ.
Laser ablation
Using hb9:KikGR labeling of motoneuron cell bodies and their
stereotypical location relative to the somitic boundary to target the laser,
motoneuron cell bodies of hb9:KikGR; fli1a:egfpy1 embryos at 18-24 hpf
were ablated. A 405 nm laser (Olympus FV1000 or FV300 confocal
microscope) was used at 100% intensity at 40 seconds/pixel for 3000
pulses. The embryos were exposed to UV light from a stereomicroscope
for ~5-10 seconds to convert the KikGR protein from green to red at 55
hpf and then imaged.
RESULTS
netrin 1a is required for thoracic duct formation
We previously showed that netrin 1a is essential for PAC formation
(e.g. Wilson et al., 2006). As the PAC has been shown to be the
source of lymphatic endothelial cells (LECs) that populate the TD
(Geudens et al., 2010; Yaniv et al., 2006), we next investigated
whether netrin 1a depletion would affect TD development.
Embryos injected with netrin 1a splice-blocking MO
(netrin1aSBMO) were assayed for presence of the TD. Whereas
embryos injected with a control MO had a complete or partial TD
in 77% of their hemisegments (n200 hemisegments, 16 larvae),
netrin 1a morphants had a complete or partial TD in only 25% of
their hemisegments (n292 hemisegments, 24 larvae) (see Fig.
S1A-C in the supplementary material). Thus, netrin 1a depletion
indeed leads to defects in lymphatic development.
netrin 1a is required for attraction of secondary
sprouts at the HMS
The absence of the PAC in netrin 1a-depleted embryos could result
from impaired angiogenesis from the PCV, from defects in the
dorsal extension of secondary intersegmental vessel (ISV) sprouts
as they grow from the PCV to the HMS, or from defects in turning
upon reaching the HMS (Fig. 1A-C!). To determine which of these
three steps is affected in the absence of netrin 1a we used plcg1y10
mutant embryos because in wild-type (WT) embryos the secondary
sprouts track very closely with the ventral portion of the primary
ISVs and are difficult to distinguish. plcg1y10 mutants lack primary
ISVs but have a normal PCV, secondary sprouts and PAC (Lawson
et al., 2003). We injected plcg1y10; fli1a:egfpy1 mutants with
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netrin1aSBMO and examined secondary sprout formation (Fig.
1D-F). Secondary sprout formation did not differ from that of
uninjected controls (75% of hemisegments with secondary sprout;
n88 hemisegments, 18 embryos) and netrin 1a morphants (61%
of hemisegments with secondary sprout; n95 hemisegments, 19
embryos). In uninjected controls, secondary sprouts extended
dorsally to the HMS (Fig. 1D), turned laterally (Fig. 1D!) and then
extended anteroposteriorly to form the PAC (Fig. 1D). In
morphants, secondary sprouts extended normally to the HMS (Fig.
1E) but then failed to turn laterally or anteroposteriorly (Fig. 1E!).
Whereas in controls 95% of secondary sprouts turned at the HMS
to form a PAC, in morphants sprouts only turned at 9% of the
somitic boundaries (Fig. 1D-E!,G).
We also carried out live imaging in plcg1y10 mutants, either
uninjected or injected with netrin1aSBMO (see Fig. S2 and Movies
1 and 2 in the supplementary material), for a period of 16.5-19 hours
starting at 29-33 hpf. In control embryos (n4), secondary sprouts
grew dorsally, then turned anteroposteriorly upon reaching the HMS.
In netrin 1a morphants (n3), initial dorsal growth appeared normal.
However, upon reaching the HMS, the secondary sprouts usually
stalled, ceasing elongation but maintaining active filopodia and
failing to turn. These time-lapse data confirmed the conclusion
drawn from fixed samples that netrin 1a morphants show specific
defects in anteroposterior turning by secondary sprouts. Thus, netrin
1a is required specifically for secondary sprouts to turn along the
HMS, but neither for their initial growth nor their dorsal elongation
towards the HMS.
Netrin 1a from the MPs is responsible for PAC
formation
To determine when and where Netrin 1a might act to mediate PAC
formation, we examined its expression by mRNA in situ
hybridization (ISH) at 22 and 32 hpf (Fig. 2A,B). Sectioning
revealed netrin 1a labeling in the region corresponding to the MPs
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Fig. 1. netrin 1a is required for turning of
secondary sprouts at the horizontal
myoseptum. (A-C!) Lateral (A-C) and
corresponding transverse views (A!-C!) of
parachordal chain (PAC) formation, showing
dorsal aorta (DA, red), posterior cardinal vein
(PCV, blue), horizontal myoseptum (HMS,
dashed line), primary intersomitic vessels (1°,
red) and secondary sprouts (2°, blue). DA and
primary sprouts omitted for clarity.
(A,A!) Secondary sprouts emerge from the PCV
at ~32 hpf and grow dorsally to the HMS. (B,B!)
Dorsal growth stops at the HMS and sprouts
turn and grow laterally. (C!)Lateral growth stops
at the lateral-most aspect of the muscle, and
the sprout then turns anteriorly and posteriorly
to form the PAC. (D-E!) Removing netrin 1a
function in 48 hpf plcg1y10; fli1a:egfpy1
zebrafish embryos. (D,E)Lateral views, reversed
contrast. (D!,E!) Transverse view volume
renderings of single hemisegments from D,E.
(D,D!) In uninjected controls, secondary sprouts
grow from the PCV and turn at the HMS (star,
D!) to form the PAC (arrowhead, D). The
fli1a:egfpy1 transgene also labels some dimly
fluorescent non-endothelial cells near the HMS
(small arrows, D,E). (E,E!) In netrin 1a
morphants, secondary sprouts usually fail to
turn laterally (star, E!) and form the PAC
(arrowheads, E). (F,G)Secondary sprouts were
quantified in five hemisegments per embryo in
uninjected controls and netrin 1a morphants.
(F)The fraction of intersomitic boundaries
bearing secondary sprouts is not significantly
changed in morphants. Uninjected controls,
75±5%; netrin 1a morphants, 61±8%.
(G)Fewer secondary sprouts turn to form the
PAC in morphants. Uninjected controls, 95±3%;
netrin 1a morphants, 9±5%. All values are
mean±s.e.m.; error bars show s.e.m.; P-value
determined by Mann-Whitney U test; n.s., not
significant; n, number of hemisegments
(number of embryos). A, anterior; D, dorsal; L,
lateral; DLAV, dorsal longitudinal anastomotic
vessel; NT, neural tube; NC, notochord; 1°,




at the HMS in addition to the neural tube (Fig. 2B!). Owing to their
proximity, we hypothesized that the MPs are the source of the
Netrin 1a that guides the PAC, and that Netrin 1a from the neural
tube is irrelevant.
To test this hypothesis, we prevented MP formation by treating
embryos with the Sonic hedgehog (Shh) inhibitor cyclopamine and
examined PAC formation (Fig. 2C-H) (Wolff et al., 2003). We
incubated fli1a:egfpy1 embryos with cyclopamine and examined the
presence of MPs at 36 hpf by immunolabeling with the anti-
engrailed 4D9 antibody (Wolff et al., 2003). Whereas 4D9 staining
was observed at the HMS in DMSO-treated embryos, far less
staining was visible in cyclopamine-treated embryos, indicating
that the treatment efficiently prevented almost all MP formation.
Additionally, netrin 1a mRNA could no longer be detected by ISH
at the HMS of cyclopamine-treated embryos, whereas its
expression in the neural tube was unaffected (see Fig. S3 in the
supplementary material). DMSO-treated control embryos had no
hemisegments missing the PAC and only 3% with a partial PAC
(n76 hemisegments, 15 embryos) (Fig. 2C-E,I). By contrast, in
cyclopamine-treated embryos the PAC was absent in 64% of
hemisegments and partially formed in 15% (n85 hemisegments,
17 embryos) (Fig. 2F-I). Although cyclopamine can also affect the
formation of muscles and vessels, MPs are the most sensitive cells
(Wolff et al., 2003). At the carefully titrated cyclopamine dose used
here the majority of the MPs are removed, but there is no visible
effect on other muscles or other trunk vasculature. Since
cyclopamine inhibits the formation of the source of Netrin 1a at the
HMS but does not alter netrin 1a expression in the spinal cord, we
infer that netrin 1a expressed by the MPs at the HMS is the critical
source of guidance information for the PAC.
To test the sufficiency of MPs for PAC formation we performed
heterochronic blastula transplants (Halpern et al., 1995; Suli et al.,
2006). We transplanted cells from sphere stage embryos (4 hpf)
into blastula embryos (3 hpf), which allows for better targeting of
the MPs. Cells from fli1a:egfpy1 donors injected with Rhodamine
Dextran (RhDx) were transplanted into fli1a:egfpy1 hosts injected
with netrin1aSBMO (Fig. 3A). RhDx-positive transplanted donor
cells contributed to MPs, which were distinguished by their
morphology and position at the HMS. Donor cells also contributed
to the spinal cord, hypochord, fast and slow muscle cells and
endothelial cells. As the donor embryos expressed fli1a:egfpy1,
endothelial cells derived from the transplanted cells were identified
by RhDx and EGFP co-staining (see Fig. S4 in the supplementary
material); these embryos were omitted from our analysis. Among
netrin 1a morphant hemisegments without transplanted WT MPs,
only 42% developed a complete or partial PAC (Fig. 3B-H) (n59
hemisegments, 17 embryos). By contrast, 78% of hemisegments
that received transplanted WT MPs developed a full or partial PAC
(n32 hemisegments, 17 embryos) (Fig. 3B-H). Thus,
reintroducing MPs at the HMS, which presumably present the only
source of Netrin 1a, is sufficient to restore PAC formation in netrin
1a morphants. Together with the cyclopamine experiments, this
shows that MPs are the source of Netrin 1a that is responsible for
secondary sprout turning at the HMS.
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Fig. 2. Muscle pioneers express netrin 1a along the HMS prior to and during PAC formation and are required for PAC formation.
(A-B!) mRNA in situ hybridization (ISH) shows netrin 1a expression in MPs and neural tube (NT) at 22 and 32 hpf. (B!)Transverse section of zebrafish
embryo in B at the level indicated. (C-H)The muscle pioneers (MPs) are the critical source of Netrin 1a for PAC formation. Treatment with 50M
cyclopamine prevents nearly all MP formation and leads to failure of PAC formation. 48 hpf fli1a:egfpy1 embryos antibody stained for vessels (GFP,
green) and MPs (4D9 anti-engrailed, magenta). Confocal projections. (C-E)In DMSO-treated control embryos, MPs are present at the HMS (D) and
the PAC forms normally (C, arrowheads). (F-H)In cyclopamine-treated embryos, very few MPs form (G) and the PAC is missing (F, arrowheads).
(I)PAC formation was assessed in hemisegments 7-11 in DMSO-treated (97±2% complete; 3±2% partial; 0±0% absent) and cyclopamine-treated
(21±6% complete; 15±4% partial; 64±7% absent) embryos. All values are mean±s.e.m.; P-value determined by Mann-Whitney U test comparing
absent PACs. n, number of hemisegments (number of embryos). A, anterior; D, dorsal; NT, neural tube. Scale bars: 200m in A-B!; 50m in C-H.
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dcc is expressed in motoneurons and is required
for attraction of secondary sprouts at the HMS
and for TD formation
There are several known Netrin 1 receptors: Deleted in
colorectal cancer (Dcc), Neogenin, Unc5, Down syndrome cell
adhesion molecule (Dscam) and integrin a6b4/a3b1 (Andrews
et al., 2008; Cirulli and Yebra, 2007; Liu et al., 2009; Ly et al.,
2008; Yebra et al., 2003). Of these, Dcc is the best studied,
mediating many Netrin-dependent guidance decisions at the
midline and elsewhere.
To test whether dcc is necessary for PAC formation, we
examined PAC formation under two conditions: single morphants
injected only with plcg1SBMO, or double morphants injected with
plcg1SBMO and dccTBMO (Suli et al., 2006). Loss of Dcc gave
defects very similar to loss of Netrin 1a: secondary sprouts formed
and grew dorsally as normal, but failed to turn laterally and then
anteroposteriorly to form the PAC (Fig. 4A-B!). Similar to netrin
1a morphants, secondary sprouts formed at 90% of the intersomitic
boundaries in the plcg1 dcc double morphants (n123
hemisegments, 28 embryos). This is not significantly different from
control plcg1 morphants, where secondary sprouts formed at 97%
of boundaries (n96 hemisegments, 22 embryos) (Fig. 4C).
However, whereas in plcg1 single morphants only 17% of the
sprouts failed to turn at the HMS, 82% of plcg1 dcc double-
morphant sprouts failed to turn at the HMS to form a PAC (Fig.
4D). To rule out possible off-target effects of the dccTBMO, we
co-injected dcc mRNA with its first few codons mutated to prevent
it from being targeted by the dccTBMO. This mRNA rescued the
PAC phenotype significantly and almost completely (Fig. 4E-G),
demonstrating the specificity of the requirement for dcc. netrin 1a
expression and MP formation were not impaired in dcc morphants
(see Fig. S5 in the supplementary material). Altogether, these
results designate Dcc as a receptor required for mediating Netrin
1a signaling in regulating the turning of the secondary sprouts at
the HMS to form the PAC.
We next determined whether depletion of dcc phenocopies the
defects in TD formation. As predicted, dcc morphants had impaired
TD formation: uninjected controls formed a partial or complete TD
in 95% of the hemisegments (n63 hemisegments, 21 embryos),
whereas in dcc morphants only 45% of hemisegments had a partial
or complete TD (n40 hemisegments, 11 embryos) (see Fig. S1D-
F in the supplementary material). Thus, dcc depletion indeed leads
to defects in lymphatic development.
dcc is expressed in the central nervous system but
not in endothelial cells
To further understand how Netrin 1a-Dcc signaling mediates
PAC formation, we examined dcc expression by mRNA ISH. If
Netrin 1a-Dcc signaling acts in endothelial cells to guide them
to the HMS, we would expect dcc expression in the secondary
sprouts; however, we were unable to detect dcc mRNA in any
endothelial cells. Instead, dcc is expressed in the brain and
ventral spinal cord at 22 and 32 hpf (Fig. 5A,B). These results
suggest that Netrin 1a-Dcc-mediated guidance of these sprouts
is not endothelial cell autonomous but instead might be acting
through neurons. Since Netrin-Dcc signaling is known to
mediate axon guidance in many contexts, we hypothesized that
in the zebrafish trunk it guides axons that in turn are necessary
for PAC formation. If so, we would expect neurons with axons
close to the HMS to express dcc prior to PAC formation. Single-
cell dye labeling has shown that rostral primary motoneuron
(RoP) axons extend ventrally along the center of the
hemisegment, then turn along the HMS as early as 24 hpf (Eisen
et al., 1986), with SMN axons following shortly thereafter. Other
primary motoneurons include the caudal primary motoneurons
(CaPs) and middle primary motoneurons (MiPs), named for their
relative cell body positions in the spinal cord (Fig. 5C,D; Fig.
6A). At 55 hpf, we confirmed that the HMS is contacted by
motoneuron axons (Fig. 5D). To determine if these motoneurons
express dcc, we double labeled hb9:GFP embryos with anti-GFP
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Fig. 3. Transplanting wild-type MPs at the HMS
rescues PAC formation in netrin 1a morphants.
(A)Scheme for heterochronic transplants. Rhodamine
Dextran (RhDx) is injected into one-cell stage fli1a:egfpy1
zebrafish embryos (donor). netrin1aSBMO is injected into
one-cell stage fli1a:egfpy1 embryos (host). Cells are
transferred from the RhDx embryo at 4 hpf to the netrin
1a morphant host at 3 hpf at a location fated to include
MPs. (B-G)Lateral views showing fli1a:egfpy1 and the
lineage marker (RhDx) in two transplanted embryos. The
PAC (arrows, B,E) forms in the same hemisegments that
receive transplanted wild-type MPs (arrowheads, C,F).
Confocal projections. (H)Quantitation of rescue in netrin
1a morphants showing presence of the PAC (partial or
complete) in hemisegments that either received wild-type
transplanted MPs or were populated only by morphant
host MPs. Host MPs only, 42±9%; transplanted donor
MPs, 78±10%. All values are mean±s.e.m.; P-value
determined by Wilcoxon signed rank test. n, number of
hemisegments (number of embryos). A, anterior; D,
dorsal; MP, muscle pioneer. Scale bar: 50m.
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and performed ISH for the dcc transcript. Longitudinal sections
of these embryos reveal clear localization of dcc mRNA in the
cell bodies of primary motoneurons, and of RoP in particular
(Fig. 5C).
netrin 1a and dcc morphants do not form axons at
the HMS
Our hypothesis that Netrin 1a-Dcc signaling controls PAC
formation indirectly through motoneuron axon guidance predicts
these axons to be absent in netrin 1a and dcc morphants. We
injected netrin 1a or dcc MOs into hb9:GFP transgenic embryos.
Embryos were imaged at 55 hpf, when the axon fascicle at the
HMS, which consists of RoP and secondary motor axons, is
reliably visible in this transgenic line. Motoneuron axons were
present at the HMS in 98% of uninjected control hemisegments
(n97 hemisegments, 32 embryos), but far less often in morphants:
27% of hemisegments in netrin 1a morphants (n80
hemisegments, 20 embryos) and 51% of hemisegments in dcc
morphants (n63 hemisegments, 22 embryos) (Fig. 6B-D). Thus,
netrin 1a and dcc are necessary for primary and secondary motor
axon formation at the HMS.
Genetic disruption or laser ablation of
motoneurons causes loss of the PAC
To directly test whether motoneuron axons at the HMS are crucial
for PAC formation, we inhibited motoneuron formation by knocking
down olig2, a basic helix-loop-helix (bHLH) transcription factor that
is necessary for the development of motoneurons and
oligodendrocytes (Lu et al., 2002; Park et al., 2002; Zhou and
Anderson, 2002). We confirmed the published observation that olig2
morphants do not form motor axons (Park et al., 2002) and then
scored embryos for the PAC. The PAC was absent in only 6% of
uninjected control hemisegments (n71 hemisegments, 23 embryos),
whereas in the olig2 morphants the PAC was absent in 40% of
hemisegments (n166 hemisegments, 48 embryos) (Fig. 7A-F,J). We
also found that injection of MOs targeting islet1 (isl1), a gene
necessary for motoneuron differentiation (Hutchinson and Eisen,
2006), also results in an absence of motoneurons and in a PAC
defect, a phenotype also seen in isl1 mutants (see Fig. S6 in the
supplementary material). isl1 morphants formed MPs normally and
expressed netrin 1a at the HMS (see Fig. S5 in the supplementary
material). Taken together these data provide strong evidence that
motor axons are crucial for PAC formation.
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Fig. 4. dcc is required for turning of secondary sprouts at the HMS and injection of dcc mRNA rescues PAC formation in dcc
morphants. (A-B!) 48 hpf fli1a:egfpy1 zebrafish embryos injected with (A,A!) plcg1 splice-blocking MO (plcg1SBMO) only (control) or (B,B!)
plcg1SBMO plus dcc translation-blocking MO (dccTBMO). (A)Lateral view. In plcg1 morphants, secondary sprouts grow from the PCV and turn at
the HMS to form the PAC (arrowhead). (A!)Transverse volume rendering of A showing mediolateral turn of secondary sprout. (star). (B)Lateral view.
In embryos co-injected with plcg1SBMO and dccTBMO, secondary sprouts form but fail to turn and form the PAC (arrowheads). (B!)Transverse
volume rendering of B showing failure of secondary sprout to turn laterally (star). (C)Secondary sprouts formed from the PCV were counted in 4-5
intersomitic boundaries per embryo between segments 7-11 in plcg1 single morphants (control, 97±3%) and in plcg1SBMO/dccTBMO double
morphants (dccTBMO, 90±5%), and showed no significant difference (n.s.). (D)Secondary sprouts that turned to form the PAC were counted in
plcg1 single morphants (87±5%) and plcg1/dcc double morphants (18±5%), which showed greatly reduced turning in the absence of Dcc.
(E,F)Lateral views of 48 hpf fli1a:egfpy1 embryos injected with (E) dccTBMO or (F) dccTBMO and dcc mRNA. The PAC is absent in dcc morphants (E,
arrowheads) and restored when dcc morphants are co-injected with dcc mRNA (F, arrow and arrowheads indicate complete and partial rescue,
respectively). (G)Quantification of complete, partial or absent PAC. Uninjected: complete, 99±1%; partial, 1±1%; absent, 0±0%. dcc morphant:
complete, 31±7%; partial, 25±6%; absent, 44±7%. dcc morphant + RNA: complete, 86±5%; partial, 9±4%; absent, 5±3%. All values are
mean±s.e.m.; error bars show s.e.m.; P-value determined by Mann-Whitney U test (comparing absent PACs in G). n, number of hemisegments
(number of embryos). A, anterior; D, dorsal; L, lateral; PAC, parachordal chain. Scale bars: 50m.
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Finally, we used laser ablation to specifically prevent
motoneuron axon formation. We targeted motoneuron cell bodies
in a single somite of hb9:KikGR; fli1a:egfpy1 zebrafish embryos
(Fig. 7G-I). Since the fine motor axon fascicle at the HMS is not
always visible in the hb9:KikGR line, we used the CaP axon
fascicle projection as a measure of successful motoneuron ablation.
Whereas SMNs can pathfind normally (albeit with a delay) after
ablation of primary motoneurons (Pike et al., 1992), in successfully
ablated segments we saw no secondary motor axons. We analyzed
29 laser-ablated embryos (81 hemisegments) in which the primary
and secondary motoneuron axons were completely absent,
discarding hemisegments in which the ablation was unsuccessful
or partial. Among the 65 hemisegments in which the motoneurons
were untreated and formed normally, only 5% had an absent PAC.
By contrast, of the 16 hemisegments in which the CaP motoneuron
was successfully ablated, 50% had an absent PAC (Fig. 7K). These
results provide direct evidence that motoneurons are essential for
PAC formation. Additionally, the less penetrant phenotype
observed in olig2 morphants and laser-ablated embryos compared
with the netrin 1a and dcc morphants suggests that netrin 1a might
act through both motoneuron-dependent and -independent
pathways in PAC formation.
DISCUSSION
Our study demonstrates that netrin 1a expressed by MPs guides
dcc-expressing RoP motoneuron axons and associated secondary
motor axons to extend along the HMS. These axons at the HMS
are required for secondary sprouts to turn, form the PAC, and
ultimately develop into the zebrafish lymphatic system. In contrast
to previous reports, including our own (Wilson et al., 2006), that
focus on Netrin signaling directly to the endothelium to promote or
inhibit angiogenesis (Bouvree et al., 2008; Epting et al., 2010;
Larrivee et al., 2007; Lu et al., 2004; Park et al., 2004; Wilson et
al., 2006), our data support an alternative model whereby netrin 1a
guides endothelial cells indirectly, via motor axons. This report
defines a novel in vivo role for Netrin, which was one of the first
neural guidance cues identified, as essential to lymphatic vascular
pathfinding and development through its function as an axonal
pathfinding cue. We provide in vivo evidence that motor axons are
required for endothelial cell guidance. Although it has been shown
that motor axons are required for the expression of arterial and
smooth muscle markers (Mukouyama et al., 2005), to the best of
our knowledge this is the first demonstration of a direct
requirement for axons in vascular guidance and
lymphangiogenesis.
netrin 1a mRNA is expressed by the MPs from ~15 hpf through
32 hpf at the HMS (Fig. 2A-B!) (Lauderdale et al., 1997). Our
cyclopamine and transplantation experiments underscore the
necessary and sufficient role of MPs and their expression of netrin
1a at the HMS in the ultimate formation of the zebrafish lymphatic
system (Figs 2, 3 and see Fig. S1 in the supplementary material).
The spatiotemporal expression pattern of netrin 1a is coincident
with two important events at the HMS: first, motoneuron axon
elongation at the HMS at 24 hpf; second, the turning of the
secondary sprouts at the HMS to form the PAC, which occurs at
~36 hpf.
We knocked down the Netrin receptor Dcc and showed that the
resulting vascular defect phenocopied the netrin 1a morphant (Fig.
4). This shared phenotype is characterized by secondary sprouts
that fail to turn at the HMS, form a PAC and develop a lymphatic
system. However, we were unable to detect dcc expression in
secondary sprouts by mRNA ISH (Fig. 5). This lack of dcc
expression in endothelial cells is consistent with previous findings
that dcc is mostly expressed in the central nervous system (Fricke
and Chien, 2005; Gad et al., 1997). The absence of vascular dcc
expression challenged our initial model in which Dcc mediates a
direct pro-angiogenic effect of Netrin 1a, and led us to consider an
alternative model. dcc is prominently expressed in RoP
motoneurons, which project axons laterally and then along the
HMS prior to PAC formation (Fig. 5). We therefore hypothesized
that dcc-expressing RoP motoneuron axons course along the HMS,
guided by their attraction to Netrin 1a produced by MPs, and that
they, together with the SMNs that follow them, are crucial for
directing the endothelial tips of the secondary sprouts to turn and
form the PAC. We also recognize that Dcc is one of several Netrin
receptors, and do not exclude the possibility that Netrin has a direct
effect on the endothelial cells through an as yet undetermined
receptor.
Consistent with this alternative model, motoneurons fail to
elongate axons along the HMS in both netrin 1a and dcc morphants
(Fig. 6). To demonstrate that motoneurons are crucial for PAC
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Fig. 5. dcc is not detected in endothelial secondary sprouts but is
expressed in motoneurons with axons present at the HMS prior
to PAC formation. (A,B)dcc mRNA is expressed in the ventral spinal
cord at 22 and 32 hpf and is not detectable in the secondary sprouts or
other trunk vasculature. (C)Whole-mount and longitudinal section of
hb9:GFP transgenic zebrafish embryo showing dcc mRNA ISH (purple),
where hb9:GFP labels only motoneurons at early stages (green).
(D)Lateral volume rendering of fli1a:dsRedEx; hb9:GFP embryo at 55
hpf. Double transgenic labels endothelial cells (green) and motoneuron
axons (white) in the trunk. Rostral primary motoneuron (RoP, yellow)
axons are present at the HMS adjacent to the PAC. (D!)Outline of
motoneurons alone. CaP, caudal primary motoneuron (red); MiP, middle
primary motoneuron (orange; axon omitted for clarity). SC, spinal cord;
A, anterior; D, dorsal. Scale bars: 100m.
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formation, we disrupted motoneurons in a netrin 1a- and dcc-
independent fashion. After disrupting motoneurons by olig2 or isl1
knockdown or laser ablation, secondary sprouts failed to make the
turn along the HMS and form the PAC. Note that SMNs project out
of the spinal cord a few hours after RoP and other primary
motoneurons, with some of their axons fasciculating with the RoP
axon, likely innervating the HMS. Since we are unable to
distinguish the behavior of the SMN axons from that of RoP, it is
possible that other axons in the RoP fascicle contribute to PAC
formation. Thus, MPs and motor axons act in concert to alter the
mediolateral and anteroposterior trajectory of secondary sprouts
and guide them along the HMS.
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Fig. 6. RoP axons and associated secondary axons at the HMS do not form in netrin 1a and dcc morphants. (A)Diagram of RoP, middle
primary (MiP) and caudal primary (CaP) axons at 36 hpf. (B-D)Lateral view of 55 hpf hb9:GFP zebrafish embryos injected with (B) no MO, (C) netrin
1a splice-blocking MO (netrin1aSBMO) or (D) dcc translation-blocking MO (dccTBMO). Confocal projections. (B)Uninjected controls show axons at
the HMS in almost every somite (arrowheads). In embryos injected with (C) netrin1aSBMO or (D) dccTBMO, axons fail to form at the HMS
(arrowheads). (E)Axons at the HMS were counted in 3-4 somites per embryo in segments 7-11 in control, netrin1aSBMO- and dccTBMO-injected
embryos. Uninjected, 97±3%; netrin 1a morphant, 27±7%. Uninjected, 98±2%; dcc morphant, 49±7%. All values are mean±s.e.m.; P-value
determined by Mann-Whitney U test. n, number of hemisegments (number of embryos). A, anterior; D, dorsal; L, lateral; RoP, rostral primary
motoneuron; MiP, middle primary motoneuron; CaP, caudal primary motoneuron. Scale bars: 50m.
Fig. 7. Preventing differentiation or laser ablation of
motoneurons prevents PAC formation. (A-F)Lateral
views of 48 hpf fli1a:egfpy1 zebrafish embryos either
uninjected or injected with olig2 splice-blocking MO
(olig2SBMO) showing labeled vessels (green) and neurons
(znp-1 antibody, white). Confocal projection. (A)Motor
axons grow ventrally from the spinal cord (SC) in controls.
(B,C)The PAC forms normally in controls (arrowheads).
(D)Motoneurons and their axons are absent in olig2
morphants. (E,F)PAC does not form in olig2 morphants
(arrowheads). (G-I)Lateral view of 55 hpf fli1a:egfpy1;
hb9:KikGR after photoconversion, with vessels in green
and motoneurons in white. Confocal projections.
Motoneuron cell bodies were targeted by laser in one
somite per embryo (red rectangle), resulting in ablation of
motoneurons, (G) missing caudal primary motoneuron
(CaP) axon (arrow), and (H,I) missing PAC (arrowhead) in
that somite. (J)The PAC was scored in 4-5 somites per
embryo in uninjected control embryos (complete, 82±6%;
partial, 12±6%; absent, 6±4%) and olig2 morphants
(complete, 52±5%; partial, 20±3%; absent, 28±4%). All
values are mean±s.e.m.; P-value determined by Mann-
Whitney U test. n, number of hemisegments (number of
embryos). (K)The number of somites with PACs was
quantified in somites that were untreated or successfully
laser ablated. Untreated: complete or partial, 95%;
absent, 5%. Ablated: complete or partial, 50%; absent,
50%. n, number of hemisegments; P-value determined by
Fischer’s exact test. A, anterior; D, dorsal. Scale bars:
50m.
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We are not aware of any other instance in which a prototypic
guidance cue, such as Netrin, is crucial for guiding axons, the
subsequent trajectory of which plays an essential function in
vascular pathfinding or lymphangiogenesis in vivo. We note that
our group and others have proposed direct effects of Netrins on
the vascular and lymphatic endothelium in cell culture
experiments and in mouse and zebrafish studies (Bouvree et al.,
2008; Larrivee et al., 2007; Lauderdale et al., 1997; Park et al.,
2004; Wilson et al., 2006). One report suggests an endothelial
cell-autonomous role for Netrin 1a-Unc5b signaling in
promoting PAC formation (Epting et al., 2010). Since the PAC
fails to form in 50% of hemisegments where the motoneuron
axon has been ablated, but forms even less often in netrin 1a and
dcc morphants, we do not exclude the possibility that Netrin 1a
might have an additional direct effect on the endothelium of
secondary sprouts via a non-Dcc receptor.
We have considered the molecular basis by which axons might
provide crucial instructions for PAC formation and
lymphangiogenesis (Fig. 8). Multiple permutations of potential
interactions between the MPs, the RoP motoneuron axons and the
endothelium of secondary sprouts are possible. For example, axons
may provide either paracrine or juxtacrine cues that have direct
effects on the endothelium, or induce MPs to express such
endothelial factors. Without knowing whether the requirement for
the axonal contribution at the HMS is a direct interaction with the
endothelium or an indirect interaction with MPs, it is challenging to
devise a rational cellular or biochemical strategy to systematically
identify the crucial cell-cell interactions and the molecules that
mediate these interactions. Given the essential role of PAC formation
in lymphangiogenesis, as emphasized in this study (see Fig. S1 in the
supplementary material), and the ease of scoring a loss-of-function
phenotype, ongoing mutagenesis screens and future identification of
the genes involved might provide valuable insight.
Reports from others have begun to identify the genetic basis for
zebrafish with defective lymphangiogenesis (Geudens et al., 2010;
Hermans et al., 2010; Hogan et al., 2009a; Hogan et al., 2009b;
Kuchler et al., 2006). Most describe zebrafish mutants or
morphants that have defects in the earliest step of
lymphangiogenesis: secondary sprout formation. This process
remains conspicuously intact in the absence of netrin 1a, dcc or
RoP motoneurons. One report implicates Notch signaling as
necessary for venous-to-lymphatic differentiation; when Notch
signaling is reduced, PAC formation appears to be specifically
inhibited (Geudens et al., 2010). This phenotype is strikingly
similar to that we observe in the absence of motoneuron axons, in
which secondary sprouts form from the PCV but do not turn at the
HMS. These investigators suggested that Notch signaling disrupts
venous-lymphatic specification, causing flow reversal in the
primary sprouts. We found no evidence of flow reversal in the
primary sprouts in our case, indicating that the failure of turning is
not due to an absence of venous-lymphatic specification.
Our original interest in Netrin signaling and zebrafish
lymphangiogenesis was stimulated by the desire to examine
whether Netrins were a direct attractive lymphangiogenic cue. Our
group has previously shown that Netrin 4 induces
lymphangiogenesis in mammalian systems and potentially
mediates this effect by directly activating a6b1 integrin receptor
expressed by endothelial cells (Larrieu-Lahargue et al., 2010;
Larrieu-Lahargue et al., 2011). Although we find that Netrins are
required as a positive stimulator of PAC formation and
lymphangiogenesis, this study led us to recognize that the
requirement for Netrin 1a-Dcc signaling in lymphangiogenesis is
through its originally described role as a mediator of axon
pathfinding. Furthermore, we implicate Netrin 1a-Dcc signaling in
a novel guidance mechanism wherein axons mediate vascular
growth.
Acknowledgements
We thank D. Lim for graphical assistance; Hideo Otsuna for help with
FluoRender; K. Thomas, F. Poulain, N. London, K. Kwan and A. Chan for
critical reading of this manuscript; S. Hutchinson, L. Hale and J. Eisen for
helpful discussions; G. King and the Centralized Zebrafish Animal Resource
Facility; C. Rodesch, K. Carney and the Cell Imaging Core; Xiaoming Sheng at
the Biostatistics Core for help with statistical analysis; M. Granato, J. Yost and
N. Lawson for fish; L. Hale and J. Eisen for isl1 morpholinos; B. Appel for olig2
morpholino; Uwe Strähle for a partial netrin 1a clone; and M. Jurynec and D.
Grunwald for the 4D9 antibody and cyclopamine. Funding: D.Y.L. and C.-B.C.,
NHLBI; B.W., Intramural Research Program of the NIH (NICHD). Deposited in
PMC for release after 12 months.
3855RESEARCH ARTICLEMotoneurons in angiogenesis
Fig. 8. Model of motoneuron axons and PAC formation.
(A-C!) Oblique lateral view [A-C, for clarity only the rostral primary
motoneuron (RoP) is shown] and transverse view [A!-C!, dorsal aorta
(DA) and primary sprouts omitted for clarity] of zebrafish trunk. 
(A,A!) RoP motoneuron axons (green) expressing dcc (yellow) exit the
spinal cord and extend ventrally towards the HMS at 24 hpf. netrin 1a
(pink) is expressed by the MPs before and during motoneuron axon
pathfinding. (B,B!) netrin 1a expressed by MPs and dcc expressed by
motoneuron axons are necessary for axon extension along the
horizontal myoseptum (HMS). Secondary sprouts (blue) grow dorsally to
the HMS. (C,C!) The axons at the HMS are required for secondary
sprouts to grow laterally at the HMS and then turn anteriorly and
posteriorly along the HMS to form the PAC. A, anterior; D, dorsal; L,
lateral; MPs, muscle pioneers; DLAV, dorsal longitudinal anastomotic
vessel; PCV, posterior cardinal vein; PAC, parachordal chain; NT, neural
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Figure S1.  netrin1a and dcc morphants do not form a complete thoracic duct. 
(A,B,D,E) 5 dpf fli1a:egfpy1 larvae; reversed contrast, confocal projections. (A′,B′,D′,E′) 
Enlargements of the boxed regions from A,B,D,E. (A-A′,D-D′) The thoracic duct (TD) 
forms normally (arrows) between the dorsal aorta (DA) and posterior cardinal vein (PCV) 
in uninjected control embryos. (B,B′,E,E′) The TD is absent in netrin1aSBMO or 
dccTBMO morphants (open arrowheads). (C,F) Quantitation of partial or complete TD 
formation in control embryos (77%), netrin1aSBMO morphants (25%) and dccTBMO 
morphants (45±19%; mean±s.e.m.); P-values, Mann-Whitney U test. n, number of 
hemisegments (number of embryos). PAC, parachordal chain; DA, dorsal aorta; PCV, 







































































        
Figure S2. netrin 1a is required for secondary sprout elongation along the horizontal 
myoseptum. Selected frames spanning 8 hours of live time-lapse imaging of (A-E) a 
plcg1y10; fli1a:egfpy1 embryo and (F-J) a plcg1y10; fli1a:egfpy1 embryo injected with 
netrin1aSBMO1. Lateral views, confocal z-projections spanning both left and right sides. 
(A-E) In uninjected embryos, secondary sprouts have reached the horizontal myoseptum 
(HMS) and soon thereafter start to elongate along the anterior-posterior axis (arrows). (F-
J) In the netrin 1a morphant, secondary sprouts have reached the HMS but fail to 
elongate anteroposteriorly (arrows). A, anterior; D, dorsal. Scale bar: 50 µm. 
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Figure S3. netrin 1a expression at the HMS is abolished in embryos treated with 50 
µM cyclopamine. Lateral view of in situ hybridizations at 32 hpf. (A) In 1% DMSO-
treated controls, netrin 1a is expressed in the neural tube (NT) and muscle pioneers (MP) 
at the HMS (arrows). (B) netrin 1a is expressed in the NT but lost at the HMS (red 
arrowhead) in embryos that lack MPs following cyclopamine treatment. NT, neural tube; 






























Figure S4. Distinguishing between transplanted muscle pioneers and transplanted 
endothelial cells. (A) Heterochronic transplant scheme used for this test: donor is labeled 
with Rhodamine Dextran (RhDx) and both donor and host are marked with fli1a:egfpy1. 
(B-D) Live lateral views of a 48 hpf transplanted embryo. There are three classes of 
RhDx-positive cells at the HMS. (1) A RhDx+ GFP− cell. This is a transplanted muscle 
pioneer (MP, white arrow). (2) A RhDx+ GFP+ cell in which the GFP and RhDx 
fluorescence coincide. This is a transplanted endothelial cell (EC, yellow arrow). (3) A 
RhDx+ cell adjacent to, but not coinciding with, a GFP+ cell. This is a transplanted MP 
adjacent to a host EC (blue arrow). For rescue experiments in which the host was not 
marked with fli1a:egfpy1, class 3 combines with class 1; however, it is still possible to 
distinguish between transplanted MPs and transplanted ECs by looking for coincident 
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Figure S5. dccTBMO morphants and isl1 morphants form MPs and express netrin 
1a at the HMS. (A,C,E) 32 hpf fli1a:egfpy1 embryos were antibody stained for MPs (4D9 
anti-engrailed, red). (B,D,F) mRNA in situ hybridization for netrin 1a expression in 32 
hpf embryos. (A,C,E) MPs are present at the HMS in (A) uninjected control embryos, (C) 
dcc morphants and (E) isl1 morphants. (B,D,F) netrin 1a mRNA expression is present at 
the HMS (arrows) in (B) control embryos, (D) dcc morphants and (F) isl1 morphants. 



























            








Figure S6. Isl1 mutants and morphants form secondary sprouts but they do not turn 
to form a parachordal chain. (A-H) Lateral views of 48 hpf isl1+/?; fli1a:egfpy1 or 
isl1−/−; fli1a:egfpy1 embryos injected with plcg1 morpholino and stained with znp-1 
antibody. Confocal projections. (D,H) Volume renderings of a single hemisegment, 
transverse view. (A-D) In plcg1 morpholino-injected isl1+/? sibs, motoneuron axons form 
(A), secondary sprouts grow from the posterior cardinal vein (PCV) (B) and turn at the 
HMS (filled star, D) to form the PAC (parachordal chain, solid yellow arrowheads, B). 
(E-H) In plcg1 morpholino-injected isl1−/− mutants, secondary sprouts form and extend 
dorsally (F) but fail to turn (star, H) and form the PAC (arrowheads, F). (I) Quantitation 
of PAC formation in 4-5 somites per embryo of plcg1 morpholino-injected isl1 mutants 
and siblings. plcg1/isl1+/?: complete, 60±16%; partial, 15±8%; absent, 25±13%. 
plcg1/isl1−/−: complete, 25±15%; partial, 42±4%; absent, 71±14%. (J-L) Lateral views of 
48 hpf fli1a:egfpy1 embryos injected with isl1 morpholino and stained with znp-1 
antibody. Confocal projections. In isl1 morphants, motoneuron axons form (J) and the 
PAC does not form (arrowheads, K). (M) Quantitation of PAC formation in 4-5 somites 
per embryo. Uninjected control embryos: complete, 91±4%; partial, 9±4%; absent, 
0±0%. isl1 morphants: complete, 26±6%; partial, 32±8%; absent, 42±10%. All values are 
mean±s.e.m.; P-values by Mann-Whitney U test. n, number of hemisegments (number of 


















































































 In studying the mechanism by which Netrin-DCC signaling mediates PAC 
formation, we have demonstrated for the first time an example of axons guiding vessels. 
This project was started by Arminda Suli, a former graduate student in Chi-Bin Chien’s 
lab working in collaboration with Dean Li who made the initial observation that Netrin1a 
and its receptors Unc5b and DCC were required for PAC formation.  Together, we 
collaborated in figuring out the mechanism by which Netrin1a-DCC signaling mediates 
PAC formation.   
 First, I would like to address some of the potential mechanisms by which Netrin1a-
Unc5b signaling may be acting in PAC formation.  One possibility is that Unc5b acts cell 
autonomously in endothelial cells that form the PAC.  However, I was unable to detect 
expression of Unc5b mRNA by in situ hybridization in endothelial cells before or during 
PAC development.  Instead, expression was largely limited to the dorsal eye and fin folds 
prior to and during PAC development.  Unc5b expression has been reported to be in ISVs 
at 24hpf (Epting et al., 2010), but we have not been able to duplicate this result.   
 It is possible that our in situ assay is not sensitive enough to detect very low levels 
of Unc5b expression in tissues other than the dorsal eye and fin folds.  To definitively 
address whether or not Unc5b has an endothelial cell autonomous role in turning of the 
secondary sprouts in PAC formation, the most direct experiment would be to transplant 
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Unc5b deficient cells fated to become secondary sprouts into fli1:GFP host embryos.  If 
these transplanted Unc5b deficient endothelial cells fail to turn at the HMS while the host 
wild-type cells turn to form a PAC, we can conclude that Netrin1a-Unc5b signaling is 
acting autonomously in secondary sprouts to mediate PAC turning. Conversely, if the 
Unc5b-deficient endothelial cells turn at the HMS to form a PAC, then we can conclude 
that Unc5b is not acting in secondary sprouts, but in another cell type.   
 Investigation of Netrin1a-DCC signaling in PAC formation revealed a critical role 
related to what these molecules were first recognized for: axon guidance.  We found that 
Netrin1a-DCC signaling was not acting directly in endothelial cells, but instead, acting to 
first guide axons, which then subsequently guide PAC formation.   In our Netrin1a and 
DCC depleted embryos, we observe a very specific PAC phenotype in which secondary 
sprouts form, but do not turn.  Most known PAC defects arise instead from the failure of 
secondary sprouts to form from the PCV (Hermans et al., 2010; Hogan et al., 2009; 
Kuchler et al., 2006).  Failure of secondary sprouts to turn has only been seen in one 
other case in PAC formation, which was determined to be a venous-lymphatic 
differentiation defect instead of a guidance defect (Geudens et al., 2010).  The turning of 
the secondary sprouts is of great interest as the PAC is the one of the first lymphatic 
structures to be formed, and identifying the factors that drive this turn will provide factors 
important in lymphendothelial guidance, about which relatively little is known.   
 In mouse and Drosophila, Unc5c is expressed in motor neurons and mediates 
Netrin-dependent motor axon repulsion (Dillon et al., 2007; Keleman and Dickson, 
2001).  Interestingly, Unc5b morphants do not form axons at the HMS (data not shown), 
raising the possibility that Unc5b, like DCC, may be expressed in motor neuron axons 
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and is required for motor neuron axons to turn at the HMS.  In order to test this 
hypothesis, Unc5b deficient cells fated to be RoPs should be transplanted into wild type 
embryos and assayed for axon formation at the HMS.  If the Unc5 deficient transplanted 
motor neuron axons fail to turn at the HMS, then it can be concluded that Unc5 is 
required in motor neuron axons for turning at the HMS.   Conversely, if the motor neuron 
axons form normally, then Unc5 is most likely acting in another cell type to mediate PAC 
formation. 
 Another interesting question is what is the mechanism that causes secondary 
sprouts to stop at the HMS in the absence of Netrin, Unc5 or DCC?  In these morphants, 
the secondary sprouts do not overshoot the HMS by growing dorsally along the ISVs, and 
instead stall at the HMS.  Perhaps there are repulsive cues expressed just dorsal the HMS 
that prevent further growth of secondary sprouts.  Alternatively, the secondary sprouts 
may be growing away from a repulsive cue near the PCV, the signal at the HMS may be 
too weak to cause any further dorsal growth of the endothelial cells.  In either case, it will 
be important to examine the expression of other guidance cues for clues as to what may 
direct these secondary sprouts to the HMS before the axons direct their turning. 
 To identify factors that are critical for turning of secondary sprouts, we are 
conducting an F3 mutagenesis screen on a Gal4 line, can be used to drive expression of a 
fluorescence marker specifically in the PCV, secondary sprouts and parachordal chain.  
To our knowledge, this is the only transgenic line that allows for clear visualization of 
these vascular structures without disrupting genes to inhibit primary sprout formation.  
To identify the factors derived from motor neurons required for PAC formation, we will 
screen for mutants that form secondary sprouts, but do not turn to form the PAC in order  
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and other genes important in lymphendothelial cell guidance. 
 A broader question is whether the requirement axons in vascular guidance is a 
phenomenon specific to motor neurons and the PAC, or is it a conserved mechanism that 
can drive parallel axonal and vascular patterning in other parts of the zebrafish and in 
other organisms? There are many areas in the body plan of several different organisms 
where axons and vessels follow parallel trajectories.  It would not be surprising if axons 
guided vessels in such circumstances, given the guidance cues are conserved across 
multiple species.   
 I have thus far  only shown an example where axons are required as a positive 
guidance structure to endothelial cells.  Perhaps there are other instances where axons are 
required to act as “guard rails” to prevent vessels from growing into specific areas. or 
during certain times in development.  For example, motor neurons in the zebrafish trunk 
extend in the middle of somites, whereas later growing vessels extend at the somitic 
boundary.  It is conceivable these motor neurons may be important to keep the 
intersegmental vessels from growing into the somites.  We know that they are not 
absolutely required as intersegmental vessels follow somitic boundaries normally in the 
absence of motor neurons.  Or, axons may be the source of negative guidance factors that 
prevent vessels from growing into certain areas, for example, during retinal development, 
but then are down-regulated to later allow vasculature to invade the tissue. 
 If axons guide vessels, what types of guidance molecules would we expect to be 
mediating this interaction?  It is likely that there are a variety of positive and negative 
cues, both secreted and expressed on the surface of the axons that function in endothelial 
cell guidance.  It is also likely that the endothelial cells would not passively respond to 
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cues from the axon, but express different receptors at different times, to temporally 
regulate their response, just as axons do before and after spinal cord crossing.  Axons can 
alter their response to their environment in many ways, for instance by changing 
expression of receptors or intracellular calcium levels.  It is likely that endothelial cells 
do so as well.  These suppositions stem largely from what is already known about and 
endothelial cell guidance. 
 In summary, our current model predicts that Netrin1a-Unc5b signaling is 
proangiogenic for PAC formation; however, it is unknown through what mechanisms this 
occurs.  Further experimentation should reveal which cell types express Unc5b in order to 
mediate PAC formation.  Additionally, we have determined that Netrin1a-DCC signaling 
first acts to guide motor neuron axons to the HMS, which then are subsequently required 
for turning of the secondary sprouts to form the PAC.  The screen for mutants that have 
secondary sprouts that fail to turn will reveal molecules important in endothelial cell 
guidance and ideally, the factor from motor neuron axons that guides endothelial cells to 
the HMS.  Finally, this work is significant in that this is the first time axons have been 
shown to be required for vascular patterning.   
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